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Abstract 
The aim of the project was to establish a dynamic model of an underground haulage truck. To 
achieve this, a functional decomposition was undergone, from which it was established that the 
model would contain two sub-models. These are the transmission sub-model and the rigid body 
dynamic sub-model.  
Initially the plant model could only replicate the truck engine output speed and translation in a 
single direction. Its performance was verified with data collected from the true vehicle and was 
enhanced more and more progressively, with each iteration being validated with experimental 
data.  
The completed model can accurately simulate the dynamic behaviour of the haulage truck. Its 
accuracy has been tried and tested in conjunction with a journey planner and controller to 
enable the machine to autonomously traverse a simulated underground mine cavern.    
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1.0 Introduction 
1.1 Background 
Caterpillar inc. (CAT) is an international company involved in the design, development, 
manufacturing and sales of mining machinery. The University of Queensland’s Smart Machine 
Group is currently working with CAT in an effort to enhance the automation capabilities of the 
AD45B, underground articulated mining platform. 
 
Figure 1 AD45B articulated mining platform  
 
 
The project is encompassed by the integration of three sub-systems: (i) The Tactical Planner; 
(ii) Steering and Speed Controller; and (iii) Open-Loop Plant Model.  These sub-systems work 
together to allow the platform to plan its journey, request physical outputs of the various 
mechanical systems, and correct and control the platform’s response.  
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The role of the tactical planner is to determine the optimum velocity and articulation angle for 
the platform to progresses in completing a provided trajectory mission. The tactical planer is 
given a map of its world (the mine site) and is able to trace its location via an on-board GPS 
system. The tactical planner requires a mechanism for knowing the way in which the machine 
will respond to its commands, so that it may determine the optimum solution for speed and 
articulation in progressing the mission.  
Figure 2 Graphical representation of the tactical planner architecture demonstrates this 
architecture graphically. 
Figure 2 Graphical representation of the tactical planner architecture  
The mechanism for predicting the machine response is an internal closed loop pair; the 
steering/speed controller and plant.  
The controller must provide machine commands to reach the desired velocity and articulation 
angle of the tactical planner. Inputs the controller receives are the desired machine gear, actual 
ground speed, actual articulation angle, engine rpm (also known as EOS, Engine Output Speed) 
and brake torque. The controller commands platform throttle %, service brake %, desired gear 
and articulation rate (+100/-100), acting upon the error between the desired values and actual 
machine output.  
The role of the plant model is to simulate the behaviour of the physical platform. The plant 
must have the ability to accept the controller’s commands and simulate the behaviour of the 
real machine. Its outputs enable the tactical planner to select the optimum outputs for 
completing the mission, as well as enabling the controller to determine the error between the 
desired and actual behaviour of the machine. A diagram of this closed loop system is presented 
in . 
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Figure 3 Definition of Configuration and its Rate of Change 
 
A further use for the plant includes the ability to design and make enhancements to the 
controller or journey planner in a digital environment on the same plant, as opposed to on the 
physical machine.  
 
1.2 Motivation 
This project exists within a join partnership between Caterpillar and Smart Machines Group. 
The project goal is to push the automation capabilities of the haulage fleet and is part of a 
larger drive within the Australian mining sector to enhance the autonomous capabilities of the 
machinery in use. “Australia’s resource industry is being transformed by its increasing use of 
automation technologies. At one extremity, the change is occurring organically and 
unassumingly, leveraging off-the-shelf technologies incrementally to improve the control of 
existing processes. On the other end however, bold initiatives are in progress to implement 
fully autonomous mines. Through all of this, it is undeniable that the industry is on an 
inescapable and unstoppable march towards autonomy” (Dudley, McAree and Lever, 2010). 
The major factors driving the push for autonomy within the mining sector have been higher 
productivity, increased safety, and enhanced asset lifespan. 
1.2.1 Existing Projects in Australian Mining Autonomy  
In Australia, Rio Tinto pre-empted the move to autonomy, partnering with Komatsu to trial 
driverless trucks within the West Angelas open pit iron ore mine of Pilbara in 2008. Fortescue 
Metals Group was the next to show interest in autonomous technology, partnering with 
Caterpillar in 2011. It now has a fleet of 12 trucks on its Solomon Mine sites. A final note-
worthy partnership in Australian automation is the collaboration between BHP Billiton and 
Caterpillar.  The partnership reported a 40% productivity increase at their Olympic Dam mine 
after two Caterpillar LHDs (Load Haul Dump machines) were employed on an underground 
mine (McNab and Garcia-Vasquez, 2011). 
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1.2.2 Safety 
The safety gains arising from automation and remote operation include removing people from 
hazardous and inhospitable working environments. As a broad example, workers can be 
removed from exposure to mine collapse during excavation, and drill operators are removed 
from one of the most dangerous environments in the industry (McNab and Garcia-Vasquez, 
2011). A study undergone by Clemson University in 2009 identified 508 incidents and 
accidents in mining environments in Queensland, attributing 95% to human factors, namely 
unsafe acts, skill-based failures, as well as attention-based failures and decision errors 
(Patterson, 2009). Automation removes personnel from the high risks associated with mining 
environments and eliminates incidents related to human error.   
 
1.2.3 Asset Integrity and Lifespan  
Digital control systems allow for more accurate and sensitive piloting of machinery. Forces 
experiences, engine speeds and gear selection can be optimized to prolong the machine life and 
minimise maintenance requirements. Achieving long truck-tyre life is a source of constant 
research in the mining industry, specifically for the sake of cost savings in maintenance.  
 
1.2.4 Productivity 
Productivity may be enhanced with autonomy, as time consuming human behaviours are 
reduced and processes are optimized. Idle machine periods during shift changes, and lunch 
and toilet breaks accumulate a 22.8 day per year loss of machine productivity (Bellamy and 
Pravica, 2010). Furthermore, a study on the El Teniente copper mine in Chile, implementing 
a new autonomous navigation, replacing sixteen machine operators with four control room 
machine supervisors, increased the 24-h productivity of each machine by 25% (Bellamy and 
Pravica, 2010). This can be attributed to the removal of variability in human performance, 
while increasing utilisation and fuel efficiency (McNab and Garcia-Vasquez, 2011).  
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1.3 Aims and Objectives  
1.3.1 Project Goal  
This thesis aims to design and produce a Simulink plant model of the Caterpillar AD45B 
articulated mining platform. The plant model will have the ability to accept input throttle %, 
service brake %, desired gear and articulation rate (+100/-100), and accurately simulate 
machine response. The plant should be able to output all physical variables of the truck. The 
outputs of particular importance are those fed back to the controller, these are the operating 
gear, travel direction, ground speed, articulation angle, engine rpm and brake torque. The 
degrees of motion used to define the platform’s motion are x, y, theta and phi. Their 
combination is called the configuration state, q.  
Equation 1 Definition of Configuration and its Rate of Change 
𝑞 =
𝑥
𝑦
𝜃
𝜙
  𝑎𝑛𝑑 ?̇? =
?̇?
?̇?
?̇?
?̇?
  
In 𝑞, 𝑥 and 𝑦 represent the pivot location with respect to the global frame. 𝜃 is the angle the 
first body makes with the global horizontal and 𝜙 is the angle between the two bodies.  These 
variables are presented graphically in Figure 4 below.  
Figure 4 Configuration space variables and the instantaneous state of the machine  
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Figure 5 shows a schematic overview of the basic plant inputs and outputs.  
 
Figure 5 Plant input and output requirements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.2 Project Objectives 
 
The three objectives are;  
1. Produce a functional fixed gear, non-articulating transmission model; 
2. Incorporate articulation and machine dynamics; and  
3. Enhance the model to include retarding and gear shifting logic. 
  
Throttle % 
Desired Gear 
Brake % 
Steering +/- 60 
 EOS 
 Actual Gear 
  𝑞 
  ?̇? 
 Brake Torque 
PLANT 
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1.4 Thesis Overview 
The eight chapters of this thesis have been formulated to systematically present the required 
literature in completing the plant design. Identify the necessary subsystems within the plant. 
Explain the model’s development and design. Demonstrate how the various model 
components fit together, and finally, present results and a conclusion. How this is achieved 
within each chapter is elaborated upon below; 
Chapter 2 undergoes a detailed review of the literature required in understanding the plant’s 
basis for design. The chapter is segregated into the technical and non-technical aspects. The 
non-technical components support the motivation for the project as a whole. The technical 
review explains physical concepts that must be understood to follow the logic behind the 
plant design as well as the mathematical clockwork driving each sub-model.  
Chapter 3 identifies the individual systems within the plant model. The global inputs and 
outputs and their connections to the physical machine are described. A functional 
decomposition of the identified sub-systems is undergone to demonstrate how the inputs are 
managed and transformed into the desired outputs, as well as how various signals are 
interconnected.  
Chapter 4 anatomizes the plant systems which correlate to the physical machine’s 
transmission. The sub-systems included are the engine, desired transmission with respect to 
output torque, the actual transmission with respect to speed, gearbox and torque converter. 
Chapter 5 anatomizes the plant systems which correlate to the physical machine’s dynamic 
behaviour. Included in this section are the derivation and explanation of implementation for 
the equations of motion as well as tyre dynamic factors such as slip.  
Chapter 6 presents the completed plant. The inner workings and interconnectivity of each 
component have now been communicated within the previous chapters. This chapter is solely 
concerned with graphically presenting the overall model, visually connecting each of the 
previously discussed components.   
Chapter 7 presents results comparing the accuracy of the plant model with data acquired from 
the actual machine. Any discussion relevant to the presented results is also contained within 
this chapter. 
Chapter 8 summarises conclusions and indicates recommendations for future work. 
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2.0 Literature Review 
2.2 AD45B Specifications 
The AD45B is an articulated haulage truck designed for use in underground mining 
applications. The machine has a nominal payload capacity of 45000kg, with a gross machine 
mass of 85000kg. The weight of an empty machine is distributed 69 to 31 percent over the 
front and rear axles respectively. There are 7 forward driving gears and 2 reverse. On the testing 
site forward gears are restricted to the first 4 by the imposed 20km/hr speed limit. A torque 
converter protects the transmission shaft from torsional shock when shifting up through the 
first gear, and always when in reverse. 
2.2 Advantages of Articulation   
Articulated vehicles are those with a pivot joint, allowing segments of the body to take 
varying turning radii. This mode of steering is applied commonly in busses, trains and heavy 
equipment. Articulated vehicles make up a large percentage of off-road haulage vehicles on a 
variety of mine sites. In comparison to their rigid counterparts. Flexibility of motion between 
bodies reduces impacts imposed by rough terrains, making these vehicles advantageous in 
situations with adverse terrain conditions 
The location of the pivot along a vehicle, as well as its method of actuation, can be optimized 
in relation to what is called the swept path. The swept path is the difference between the 
minimum inner radius and the maximum outer radius for the vehicle during a manoeuvre  
(Pauwelussen J.P, 20015). Minimizing the swept path minimizes the space required by a 
vehicle to manoeuvre, which can give these vehicles an advantage in navigating tight caverns. 
The AD45B articulates via hydraulic cylinders either side of the pivot, enabling close control 
of the front and rear bodies’ turning radii with respect to one another.  
2.3 Torque Converters  
Vehicles with an automatic transmission use a torque converter to connect the engine to the 
transmission. A torque converter is desirable due to its ability to transfer power with torque 
amplification, allow slip between engine and transmission and dampen vibrations between 
the two shafts (Li Y & Sunden. M, 2016). Torque multiplication occurs in lower gears to help 
the vehicle to accelerate. The engine output torque in these cases is not fully transmitted to 
the transmission shaft. Once beyond the speed threshold, the torque converter reaches the 
‘coupling point’ and behaves like a lock up clutch. In this mode, the engine and transmission 
are mechanically connected and rotate with the same angular velocity.  
 
The typical hydrodynamic torque converter functions via the interaction of three rotating 
elements: the pump (impeller), turbine, and the stator. The pump is driven from the engine 
shaft, with the turbine responsible for driving the transmission. The stator, which is placed 
between the pump and the turbine, redirects the returning fluid from the turbine to the pump 
(Hadi A. & Azad N.L & Mcphee. J, 2012).  
As the oil element enters the impeller, it travels radially outward under centrifugal action, 
accumulating angular momentum. This requires a torque input from the engine. As the fluid 
enters the slower turning turbine, some angular momentum is lost. The fluid is forced to 
travel radially inward, further reducing its angular momentum, imposing a torque on the 
turbine. If the stator is stationary, its blading will bend the flow in the same direction as the 
rotation of the impeller and torque multiplication is achieved. If the bending of the stator flow 
requires a negative torque, then the one-way clutch will overrun, no angular momentum is 
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imparted to the fluid and the connection reaches its coupling point (Hrovat D & Tobler W. E, 
1985). Figure 6 demonstrates the torque converter configuration. 
Figure 6 Torque Converter Configuration, (Hadi A. & Azad N.L & Mcphee. J, 2012) 
 
 
 
 
 
 
 
 
 
 
 
Within the literature, one widely accepted approach to modelling torque converters is to 
represent their behaviour with a system of ordinary differential equations (ODEs).  Examples 
were found in several papers, all of whom refer to the equations of state derived in 
Kotwicki’s 1982 paper titled Dynamic Models for Torque Converter Equipped Vehicles.  
These ODEs represent equations of state for the impeller, turbine and stator as well as an 
overall power balance. The equations are shown below;  
Equation 2 Volumetric Impellor State 
𝐼𝑖?̇?𝑖 + 𝜌𝑆𝑖?̇? =  −𝜌 (𝜔𝑖𝑅𝑖
2 + 𝑅𝑖
𝑄
𝐴
tan(𝛼𝑖) − 𝜔𝑠𝑅𝑠
2 − 𝑅𝑠
𝑄
𝐴
tan(𝛼𝑠)) 𝑄 + 𝜏𝑖 
Equation 3 Volumetric Turbine State 
𝐼𝑡?̇?𝑖 + 𝜌𝑆𝑡?̇? =  −𝜌 (𝜔𝑡𝑅𝑡
2 + 𝑅𝑡
𝑄
𝐴
tan(𝛼𝑡) − 𝜔𝑖𝑅𝑖
2 − 𝑅𝑖
𝑄
𝐴
tan (𝛼𝑖))𝑄 + 𝜏𝑖 
Equation 4 Volumetric Stator State 
𝐼𝑠?̇?𝑖 + 𝜌𝑆𝑠?̇? =  −𝜌 (𝜔𝑠𝑅𝑠
2 + 𝑅𝑠
𝑄
𝐴
tan(𝛼𝑠) − 𝜔𝑠𝑅𝑡
2 − 𝑅𝑡
𝑄
𝐴
tan (𝛼𝑡)) 𝑄 + 𝜏𝑖 
Equation 5 Power Balance 
𝜌 +
𝜌𝐿𝑓
𝐴
?̇? =  𝜌(𝑅𝑖
2𝜔𝑖
2 + 𝑅𝑡
2𝜔𝑡
2 + 𝑅𝑠
2𝜔𝑠
2 − 𝑅𝑠
2𝜔𝑖𝜔𝑠 − 𝑅𝑖
2𝜔𝑡𝜔𝑖 − 𝑅𝑠
2𝜔𝑠𝜔𝑡) 
+
𝜔𝑖𝑄
𝐴
𝜌(𝑅𝑖 tan(𝛼𝑖) − 𝑅𝑠 tan(𝛼𝑠))  +
𝜔𝑡𝑄
𝐴
𝜌(𝑅𝑡 tan(𝛼𝑡) − 𝑅𝑖 tan(𝛼𝑖))  
+
𝜔𝑠𝑄
𝐴
𝜌(𝑅𝑠 tan(𝛼𝑠) − 𝑅𝑡 tan(𝛼𝑡))  − 𝜌𝐿 
Where  𝜌𝐿 in equation 5 is; 
Equation 6 RhoL Substitution 
𝜌𝐿 =
𝜌
2
𝑠𝑔𝑛(𝑄)(𝐶𝑠ℎ,𝑖𝑉𝑠ℎ,𝑖
2 + 𝐶𝑠ℎ,𝑡𝑉𝑠ℎ,𝑡
2 + 𝐶𝑠ℎ,𝑠𝑉𝑠ℎ,𝑠
2 +
𝜌𝑓
2
𝑠𝑔𝑛(𝑄)(𝑉𝑖
∗2 + 𝑉𝑡
∗2 + 𝑉𝑠
∗2) 
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In the torque converter equations, the subscripts i, t and s refer to the impellor, turbine and 
stator respectively. The full set of variables and constants required to solve the equations are 
presented in Table 1 
Table 1 Torque Converter Variables 
 
2.4 Coulomb Friction 
The Coulomb model calculates frictional forces between two bodies in dry contact. The model 
multiplies the normal force acting on the surfaces with either the static or kinetic friction 
coefficient.  Kinetic friction is used in the instance where there is slippage between the surfaces. 
This relationship is shown in Equation 7 below; 
Equation 7 Kinetic Friction 
𝐹𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝜇𝑟𝑜𝑙𝑙𝑖𝑛𝑔𝑁 
2.5 Air Resistance 
Air resistance is calculated via the aerodynamic drag equation;  
Equation 8 Aerodynamic Drag 
𝐷 =
1
2
𝐶𝑑𝜌𝑣
2𝐴 
Where 𝐶𝑑 is the coefficient of drag, 𝜌 is the air density, dependent on altitude and temperature, 
𝑣 is the relative velocity and 𝐴 is the area of the cross section. 
 
2.6 Viscous Damping 
Viscous damping models force losses as being proportional to the relative velocity between 
two moving parts. It is often used to simulate losses occurring in lubricated or fluid actuated 
parts, such as shock absorbers. The loss is calculated as; 
𝑰𝒊 Impeller Inertia 𝝎𝒊 Impeller Speed 
𝑰𝒊,𝒎 Impeller Mechanical Polar Inertia 𝝎𝒕 Turbine Speed 
𝑰𝒊,𝒇 Impeller Fluid Polar Inertia 𝝎𝒔 Stator Speed 
𝑰𝒕 Turbine Inertia 𝑺𝒊 Impeller Design Constant 
𝑰𝒔 Stator Inertia 𝑺𝒕 Turbine Design Constant 
𝑹𝒊 Mean Impeller Exit Radii 𝑺𝒔 Stator Design Constant 
𝑹𝒕 Mean Turbine Exit Radii 𝑨𝒊 Net Impeller Exit Flow Area 
𝑹𝒔 Mean Stator Exit Radii 𝑨𝒕 Net Turbine Exit Flow Area 
𝑽𝒔𝒉,𝒊 Impeller Shock Velocity 𝑨𝒔 Net Stator Exit Flow Area 
𝑽𝒔𝒉,𝒕 Turbine Shock Velocity 𝑸 Axial Torus Flow Volume 
𝑽𝒔𝒉,𝒔 Stator Shock Velocity 𝝆 Fluid Density 
𝑻𝒊 Impeller Exit Torque 𝑪𝒔𝒉,𝒊 Impeller Shock Loss Coefficient 
𝑻𝒕 Turbine Exit Torque 𝑪𝒔𝒉,𝒕 Turbine Shock Loss Coefficient 
𝑻𝒔 Stator Exit Torque 𝑪𝒔𝒉,𝒔 Stator Shock Loss Coefficient 
𝜶𝒊′ Impeller Entrance Blade Angle 𝜶𝒊 Impeller Exit Blade Angle 
𝜶𝒕′ Turbine Entrance Blade Angle 𝜶𝒕 Turbine Exit Blade Angle 
𝜶𝒔′ Stator Blade Angle 𝜶𝒔 Stator Exit Blade Angle 
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Equation 9 Viscous Damping 
𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 = 𝐶?̇? 
Where 𝐶 is the viscous damping coefficient and ?̇? is the relative velocity.  
2.7 Describing the motion of Articulated Vehicles 
2.7.1 Kinematics  
The AD45B Platform utilises the method of articulated steering. Two hydraulic cylinders either 
side of the joint between the cab and tray generate a moment. The magnitude and direction of 
this moment are relative to the fluid injection rate and resulting force generated within each 
cylinder. This method of steering is favourable in the underground mine environment, as it 
allows for better navigation of tight spaces, and due to the front and rear axles maintaining their 
own alignment, the ability for the drivetrain to tolerate a higher payload.  The angle of the cab 
(front body) designates the ‘heading’ of the platform, while the angle between the front and 
rear bodies designates the articulation angle.  
Existing mathematical models for such vehicles are in abundance in the literature, though there 
does not seem to be a universally accepted model. This may be because articulated steering 
introduces complexities in constraining the body at the pivot, and at the wheels.  Additional to 
the forces acting at the wheels, the hydraulic cylinders exert lateral forces on the articulation 
joint, opposed by the adhesive forces at the tyres. In practice, the actuators are strong enough 
to break adhesion and scrape the wheels sideways across the ground when the vehicle is parked-
with brakes applied (Peter I. Corke and Peter Ridley, 2001). Because of this, slip modelling 
becomes an important consideration. 
Kinematic models for articulating vehicles have been proposed, all of which relate the motion 
of some point on the vehicle to a centre of rotation via its geometry. Two models examined 
were Altafini’s paper ‘A path-tracking criterion for an LHD articulated vehicle and Corke & 
Ridley’s work in their paper ‘Steering kinematics for a centre-articulated mobile robot’. In the 
derivation of their kinematic models, each of these sources assume zero slip and point contact 
at the wheels. Furthermore, the idealized models assume a differential drive that allows for 
wheels on the same axis to rotate independently, and that motion is purely planar. 
In derivation of their kinematic equations, an instantaneous centre of rotation is defined at the 
intercept of the wheel axis in space. The rate of change of heading is correlated with the 
articulation angle, its rate of change, and the platform velocity. Both authors arrive at the same 
constraining equations, yet conclude with varying formulations of the vehicles motion, in 
particular, its heading. The defining geometry and resulting relationships are shown in Figures 
7 and 8. Whilst these models clarify the motion of the vehicle, kinematic models are limited 
by their inability to account for dynamic interactions such as slip. Research of these models led 
to the conclusion that dynamic modelling would be required for an adequately precise plant 
model. 
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Figure 7 Altafini Kinematic Model 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Corke and Ridley Kinematic Model 
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2.7.2 Lagrangian Mechanics 
Lagrangian mechanics offers a favourable method for deriving equations of motion for 
complex systems. Lagrange’s is an energy method, which uses partial derivates to account for 
contributions from each degree of freedom. The Lagrangian is the term for the difference in 
kinetic and potential energy; 
Equation 10 Lagrange's Equation 
𝐿 = 𝑇 − 𝑉 
For a single degree of freedom system, say in 𝑥, the following equation describes the mass’s 
motion; 
Equation 11 1DOF Equation of Motion  
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) − 
𝜕𝐿
𝜕𝑥
= 𝐹𝑔 
Where 𝐹𝑔 is the generalised force. 
The same equation can be solved in each degree of freedom to build a system of equations 
describing the motion. 
2.7.3 Dynamic Effects – Tyre Modelling 
Slip can be thought of as loss of translation in one direction, however it is a unitless value, 
somewhat like a strain. The longitudinal direction of slip acts parallel to the wheel, while the 
lateral direction acts normal. Much research has been invested into developing complex and 
highly accurate tyre models in the automotive industry, with particular interest in maximising 
traction and controlling slip. 
A review of the literature reveals a considerable number of models for tyre force and moment 
characteristics. Some of these models are based on the physical nature of a particular tyre, 
while most are at least partially, if not wholly empirical (Pacejka. B. H & Bakker. E, 1992). 
A widely accepted and  referenced model belongs to the dutch professor and expert in vehicle 
systems dynamics Hans Pacejka. 
Over the past two decades, Pacejka has been designing empirical tire models that have little 
to no physical basis. Because of this, as a set, his relations are commonly referred to as the 
“magic formula.” (Wheeler. A, 2013). Pacejka’s magic formula tyre model is a series of 
formulae relating the way in which a vehicle steers and throttles to the lateral and 
longitudinal forces experienced at the tyres. The model is capable of describing steady-state 
tyre force and moment characteristics for use in parameterized vehicle dynamic simulations 
( Pacejka’s, B.H & Bakker. E, 1992).  
 
The slip formulae require the tyre velocity components be known with respect to the lateral 
and longitudinal directions. In this frame of reference, the longitudinal velocity corresponds to 
the component acting parallel to the wheel, and the lateral acting normally. This is 
demonstrated in Figure 9 over the page. 
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Figure 9 Resolving velocity components into the lateral and longitudinal directions 
 
 
 
 
 
 
 
 
 
 
Lateral and longitudinal velocity components must be resolved using the velocity in the global 
x and y directions, with respect to heading. Recall that heading describes the angle between the 
direction of travel of the wheel and the global horizontal.  
 
2.8 AD45B Proportional Integral Governor 
Governors traditionally provide a means to automatically limit or control the speed of a 
machine. An early mechanical example is the flyball governor, which uses centrifugal force 
to offset throttle control.  
The response of a governor is always with respect to error – typically the difference between 
the speed requested by the operator, and the actual speed of the machine. The AD45B engine 
has an inbuilt proportional, integral (PI) controlled governor. The governor is concerned with 
the EOS transient response to an input command, its stability and steady state error between 
the actual and commanded values. The governor must achieve this through regulation of 
combustion fuel injection. 
 presents the governor closed loop block diagram.  
 
Figure 10 AD45B PI Governor (Caterpillar , n.a)  
𝜃𝑖 
𝑉𝑥 
𝑉𝑦 
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Proportional controllers request change based on the product of the error and a designated 
proportionality constant. Because of this, proportional control is effective at quickly 
offsetting medium errors. The AD45B governor also uses a proportional error squared form 
of control, which is effective in eliminating very large errors. Because change can only be 
made with respect to the proportional constant however, for both the linear and squared error 
cases, proportional controllers cannot manage small errors. In order to eliminate steady state 
error, integral control is essential. Integral control operates with respect to not only the error 
size, but also how long an error has been present. The integral of the error multiplied with the 
integral constant offsets small errors and allows steady state fuel injection when the error is 
zero. Without integral control, the governor will always be reactive to loads and error will 
always be present.  
The input output relation for a PI controller with error feedback takes the following form; 
Equation 12 Typical PI Controller Relation 
𝑢 = 𝑘𝑝𝑒 + 𝑘𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡
0
 
Including the proportional error square term, the controller employed in the AD45B governor 
takes the following form; 
Equation 13 PI Controller with Proportional Error Squared Conrtol 
𝑢 = 𝑘𝑝2𝑒
2 + 𝑘𝑝𝑒 + 𝑘𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡
0
 
The Laplace transform of the above function transforms it from the time to the s domain, 
where all Simulink modelling resides.  
An open loop block diagram of this controller is shown below. 
 
Figure 11 Open Loop AD45B Governor Block Diagram 
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2.9 Numerical Intricacies and Managing Stiff ODEs in Matlab 
ODEs are often used to describe dynamic motion. Solving these equations requires integration 
as time progresses. The range of integration, i.e the time step, determines what is known as the 
‘stiffness’ of an ODE, a notion related to the ODE’s stability (Byrne and Hindmarsh, 1986).  
An ODE becomes stiff if the timestep acting as the integration interval becomes so small, that 
the solver fails, or takes an excessive period to solve. Different methods may be required to 
solve stiff ODEs. Stiff solvers in particular, attempt to estimate local behaviour of the curve as 
the solution proceeds. Typical unspecialized solvers such as the commonly used ode45 are ill 
equipped to manage stiff functions. 
One example of a stiff  ODE solving method in Matlab, is to specify the Jacobian matrix of the 
equation, set via odeset. The Jacobian matrix, in vector calculus, is the matrix of the main 
function’s first-order partial derivatives. In some instances, simple strategies to avoid 
numerical instability can be implemented to assist a solver in converging. One such strategy is 
to simply limit values for selected variables, much like a typical limiting or saturation function.  
  
26 | P a g e  
 
3.0 System Overview 
A functional decomposition was undergone to determine which components within the 
machine were being used to process each input signal. It was determined that the major 
components were the engine, transmission and rigid body dynamics. Within what can be 
thought of as an overall closed loop system, the engine acts as a controller. The engine 
receives feedback from the actual behaviour of the machine, as derived by the rigid body 
dynamics, i.e the ‘plant’. The transmission provides a means for processing and transferring 
information throughout the plant. When passing information from the controller to the plant, 
the transmission acts as an actuator. When passing the plant output back to the controller, 
providing a feedback path, the transmission is acting as a sensor.  This configuration is 
demonstrated in Figure 12 below, which also indicated the various input signals and their 
processing pathways. 
Figure 12 Plant functional decomposition block diagram 
 
The functional decomposition used in building the constituents and logic pathways of the 
above block diagram are further deconstructed in the remaining pages of the chapter. 
3.1 Inputs - Functional Decomposition  
Throttle is interpreted by the machine as a desired EOS in the form of a percentage. It is 
intuitive to associate the throttle with the engine output, especially as it is known that the 
AD45B engine houses an internal PI governor. The governor requires an actual EOS as well 
as a desired EOS to operate. From this, one can establish that an internal feedback 
mechanism for actual EOS is a requirement. This actual value can be found working 
backward through the drive from the machine wheel speed. Because the signal is in terms of 
actual rather than desired values, the reverse transmission model will require a torque 
converter between the transmission input and engine output.  From here the actual EOS can 
be established.  
This strategy manages the requirements of the governor, however, the output from the engine 
that is required in moving forward through the transmission is torque.  From the physical 
machine, a torque speed curve can be built from experimental data. From this curve, an 
instantaneous maximum available torque can be associated with the actual EOS. 
Multiplication of the governor output for EOS fraction (from the throttle) with the maximum 
available torque will therefore output the instantaneous engine output torque. 
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For this to be successful, there will need to be a means of establishing the ground speed of the 
platform at any instant relative to the rigid body dynamics. A simplified schematic block 
diagram for this design is presented in Figure 12 
Brake request is also interpreted as a percentage. Once again, experimental data can be used 
to establish a correlation between commanded brake percentage and torque loss at the wheels. 
This will offset the torque delivered to the wheels by the transmission directly.  
Figure 13 Empirical Brake Torque Loss Lookup 
 
 
Desired Gear is commanded with the shift stick and processed as one of the following 
integers;  -1, -2, 0, 1, 2, 3, or 4. This sequence characterizes two negative gears, one neutral 
and four possible positive gears. To shift to whatever gear is requested, the machine needs to 
know what gear it is already in. The shifting logic is also dependent on if the brake is 
detected, the transmission output speed (TOS) and the ground speed of the machine. These 
influences were indicated by documentation provided by Caterpillar.  
Figure 14 Gearbox Functional Decomposition 
 
 
 
 
Steering command is input as an integer between negative and positive 100. Positive values 
steer left and negative right, as if the platform were driving along the positive x axis before 
turning. Within the machine a deadband exists in responding to the articulation command for 
steering requests between -60 to -100 and 60 to 100.  Between these limits, the machine 
articulates at its maximum rate of 25 degrees per second. Because of this, the steering request 
is essentially limited to ±60. Between the requested values -30 to 30, the machine does not 
articulate at all. This behaviour is demonstrated in the graph in Figure 15. 
Figure 15 Articulation rate deadband 
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Experimentation revealed that the gear ratio and throttle percentage impact the articulation 
rate in degrees per second for a given steering command integer. It was also discovered that 
the existing angle of articulation has an impact on the articulation rate of the machine.  
Figure 16 Articulation Functional Decomposition 
 
 
 
3.2 Outputs - Functional Decomposition 
Actual Gear. The logic necessary to implement with respect to the actual gear output has 
already been discussed in the desired gear input. To reiterate the interconnectivity of the 
actual gear throughout the model, the subsystems that require its input are; both transmission 
models, the articulation transducer, the torque converter, gearbox and the differential.  
EOS actual is a required output of the plant. The EOS actual can be derived working in 
reverse form the wheel speed, but to accomplish this, the wheel speed must first be derived 
via the forward transmission. A model of the transmission, equipped with the appropriate 
differential to distribute torque between the front and rear bodies and input for actual gear 
ratio, is required in the forward desired path. In the reverse actual path, a variation will be 
required with the torque converter bridging the engine and transmission.  A dynamic tyre 
model will be required to determine the forces acting at the wheel, from which, a torque 
balance can be re-arranged to solve for the wheel speed. An overview of the described 
requirements is presented in Figure 17. 
 
Figure 17 Wheel Speed Reverse Path Block Diagram 
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Configuration Space and its Rate of Change, 𝒒 and ?̇?, are final outputs to address. The 
plant must have the ability to output x, y, theta, phi and their derivatives. To do this, a local x 
and y must be defined on the platform, so it may move in space with reference to the global 
frame. There must also exist a geometric means of distinguishing the motion of the front 
body from the rear body. To output the state variables of interest, equations of motion are 
required.  
Inputs to the equations will begin with initial conditions depending on the situation being 
simulated, and they may be updated from feedback signals as time progresses. The equations 
will also require the forces at the wheels be known, and for this, a dynamic tyre model will be 
required. The same slip model and forces will be required in solving the torque balanced 
required in determining the actual EOS.  
Figure 18 Interconnectivity of Tyre Forces, Dynamic Slip Modelling and the Equations of 
Motion 
 
 
 
 
 
 
3.3 Strategy 
Having completed the functional decomposition and designed strategies to manage each input 
and output, it becomes clear that the plant model can be split into two main sub-models. The 
first is the platform drive train. This includes the engine, both transmission models, the 
gearbox and torque converter. The second sub model is the rigid body dynamics, containing 
the equations of motion and dynamic tyre model.    
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4.0 AD45B Drivetrain 
In each section of the following chapter, the initial design for a component is presented 
graphically. This gives the reader a visual link to the explanation that will follow. Along with 
the description as to how that section of the plant works, any alterations made to the model 
from the initial design are described in the text that follows. Each component section 
concludes with an image of its final Simulink design.  
4.1 Engine  
 
Figure 19 Preliminary Engine Block Design 
 
The operator inputs a desired EOS using the throttle. The engine block interprets this input as 
a percentage and must output a value for the corresponding engine output torque. The 
machine EOS operates between 700 to 2330 revolutions per minute, a range of 1630RPM. A 
linear function can be used to describe the desired EOS from throttle, using the RPM range 
for the function gradient and idle speed as the y intercept; 
Equation 14 EOS as a linear function of throttle  
𝐸𝑂𝑆 = 1630 × 𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒 + 700 
 
Within the preliminary design, the signal is first converted to a decimal and then processed as 
per Equation 14. 
Next, the error between the desired and actual value for EOS is passed to the PI governor. The 
governor commands fuel injection based on this error and outputs a percentage representative 
of the fraction of the maximum torque being extracted from the engine. This percentage is 
filtered between 0 and 100 to remove any excessive destabilized points throughout the 
simulation, and is converted to a decimal. 
The preliminary model governor only implemented PI control. The proportionality and 
integration constants were initially guessed and tuned iteratively, until the simulation engine 
output matched that observed in the experimental data.  
The engine must output a torque value, and therefore this decimal is multiplied by the 
instantaneous maximum available torque. The torque is determined from a lookup table with 
respect to the actual EOS.  
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In the final model, the logic remains the same, however some changes have been made. The 
first is the variable time delay imposed on the input. These delays are used throughout the 
model due to lag occurring in experimental data collection. They simply align the Simulink 
data time schedule more closely to the experimental data.  
The first is the addition of the error squared proportional controller term. Once again the 
simulation governor constants were estimated and tuned with respect to the engine output from 
experimental data. The resulting values for these constants are shown in Table 2. Obviously 
the terms handling larger error are multiplied with smaller constants to minimise excessive 
error in the transient response. 
Table 2 Governor Control Constants 
Controller Constant Numerical Value 
𝐾𝑝2 0.00001 
𝐾𝑝 0.007 
𝐾𝑖 0.01 
 
The s domain integrator for the integral controller has also been given a reset value and 
saturation limit. If the machine is put into neutral, the error integral is reset, so that when no 
torque is being output by the engine, no error is accumulated. The saturation limits to the 
integration are between negative and positive infinity.  
Finally, a speed up switch has been included for the engine to decide if the torque output by 
the multiplication of the fuel injection percentage and maximum available torque is the 
appropriate output. This is required as on the physical machine, there can only be inertial 
deceleration for a request to slow down – i.e fuel injection cannot be used to drive the engine 
in reverse. For this reason, the simulation engine must be forced to only output the derived 
value for torque in response to a command to speed up, or more technically, when the EOS 
error is greater than zero. A final switch is added to the engine output shaft to output zero torque 
for a throttle request to slow down, and to output the percentage of maximum torque in all other 
cases. 
 
The final Simulink model for the engine block is presented over the page. 
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Figure 20 AD45B Engine Block Final Model    
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4.2 Transmission  
The forward solving transmission block, previously described as the plant actuator, uses the 
engine output torque and actual gear ratio to deliver torque to the wheels. A schematic of this 
is displayed in Figure 21. 
Figure 21 Forward Transmission Schematic 
 
 
 
 
If the torque converter is locked, the input to the transmission block is the engine output torque. 
If the torque converter has not locked, the transmission input torque is some fraction of that 
output by the engine, dependent on the torque converter. More on this in section 2.4.1.  
The preliminary model did not incorporate equations of motions capable of distinguishing the 
front body motion from the rear, it simulated more closely a brick on 4 wheels. This was 
important in validating the engine of the transmission and engine in tests with the platform 
driving in a straight line in various gears and with various throttle inputs.   
With an updated dynamic model also came the necessity to incorporate a differential, to divide 
the generated torque between the front and rear bodies. The final transmission model does this 
between ‘Differential Ratio2’ and the ‘Final Drive Ratio2’ gains. This is because the Final 
drive ratio gearset it located inside the platform wheel to transmission connection. 
The differential is implemented with a matlab function block and distributes the torque with 
respect to the weight distribution of the machine.70% of the weight and hence 70% of the 
torque is assigned to the front axle, 𝜏2. The remaining 30% of each variable is sent to the rear, 
𝜏1. Information regarding the machines weight distribution was acquired from the AD45B 
specalog. 
If the gear indicates the platform is reversing, the differential ratios are multiplied by negative 
one. 
The final configuration with all of the discussed features is shown in . The gears in the 
transmission are the ITG, actual gear ratio, OTG, differential ratio and final drive ratio. Details 
as to these fixed gear ratios were provided by Caterpillar. Their values are presented below in 
Table 3. 
Table 3 Transmission fixed gear gains 
Gear Name Gain 
ITG 0.7606 
OTG 1.667 
Differential Ratio 3.4615 
Final Drive Ratio 5.6471 
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Figure 22 Final Forward Transmission Model 
 
Further detail as to the actual gear ratio can be found in chapter 4.4. 
 
4.3 Feedback Transmission  
 
The feedback transmission, previously described as the plant sensor, uses the average wheel 
speed and actual gear ratio to determine the amount of torque being provided to the 
transmission input. A schematic of this is displayed in Error! Reference source not found., 
where TIS represents transmission input speed.  
Figure 23 Feedback transmission schematic 
 
 
 
 
The engine block requires the machine actual EOS as an input. This term is essential in 
calculating EOS error for the internal controller, as well as in the look up table, for 
determining maximum available engine torque. The role of the reverse transmission is to 
work backwards from the wheels, through the transmission and eventually back to the engine, 
providing a feedback mechanism to deliver this actual EOS term. Because of its nature in 
working backward from the wheel speed and deals with speed, it is referred to as the ‘reverse 
transmission’ is deemed a function of speed. 
The components that make up the reverse path drive train include the average wheel speed, 
reverse transmission and torque converter, discussed further in chapter 4.5. The transmission 
section of this chain is pictured in Figure 24. 
. 
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Figure 24 Feedback Transmission 
 
The average wheel speed, input to the block, is taken from the ‘Articulation_Dynamics’ sub-
model, see chapter 5 for in depth analysis. The speed corresponds to that of the front wheel 
pair (the selection of which axle to take the speed from is arbitrary, the same process could be 
undergone with the rear axle with negligible change in result). This value is supplied in 
radians per second. The block next takes the absolute value, to eliminate the influence of 
travelling in forward or reverse and converts the value to RPM. The gears housed in the 
wheel base as well as the drive are multiplied by the RPM term, as torque is inversely 
proportional to speed, this replicates working backward through the drive as speed increases 
and torque is reduced. 
No differential exists in the reverse transmission because it is not necessary to divide the 
signal between the bodies, it is already known that the speed is that of the front axle.  
Finally, the value is multiplied by the actual gear ratio, determined by the machine gear box, 
explained in the following chapter. The gear ratio assumes a sign depending on if the forward 
or reverse gear is in use. This is the reason the absolute value is taken of the average wheel 
speed, so as to avoid a ‘double negative’ situation, giving an incorrect positive value for 
transmission speed. A final gear is passed and the result is the transmission input speed (TIS). 
The TIS is what the transmission receives after the engine ouput has been processed by the 
torque converter.  
 
4.4 Gearbox 
A function was created to implement shifting logic, to allow the simulation to shift 
automatically. To do this effectively, two essential input requirements exist. The first 
requirement in deciding which gear to shift into, is identification of the current operational 
gear. This requires a feedback signal from the function output. The second is for the gearbox 
function to be provided with the operator’s desired gear. 
The logic in shifting is based on data provided by Caterpillar, which indicated that shifting 
behaviour is dependent on the transmission output speed and if the brake is detected.  This 
behaviour was verified in testing and the TOS shifting limits in RPM are identified in Table 
4. 
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Table 4 TOS Shifting limits 
No Brake 
Gear Change Upshift TOS [RPM] Gear Change Downshift TOS [RPM] 
1 to 2 447 2 to 1 393 
2 to 3 612 3 to 2 539 
3 to 4 826 4 to 3 727 
With Brake 
Gear Change Upshift TOS [RPM] Gear Change Downshift TOS [RPM] 
1 to 2 485 2 to 1 446 
2 to 3 665 3 to 2 610 
3 to 4 896 4 to 3 822 
 
To move to a negative gear, the machine will work its way down one by one to neutral. From 
neutral, the machine coasts until its ground speed is less than 1m/s. From here, the platform 
automatically shifts into either the first or second reverse gear, irrespective of TOS, 
depending on the drivers request. 
The TOS actual used in the gearbox logic must be determined from the feedback path. 
Working back through the transmission gears, and assuming the torque converter is fully 
locked, ground speed can be associated with a TOS and EOS depending on the active gear. 
Because of this, depending on the active gear, a different ground speed can be observed for 
the same commanded throttle a.k.a desired engine speed.  
Figure 25 indicates at what gear the vehicle will auto-shift to when commanded to drive at a 
desired ground speed. Note that some desired ground speeds can be achieved from two gears 
due to the hysteresis that exists between gear shifts up and gear shifts down (this is by-design 
and is intended to stop the machine frantically swapping between gears at a shift point). An 
example of this occurs at the desired ground speed of 2.5m/s which can be achieved in: 
1. 2nd gear at a desired engine speed reference of 78.69%; or 
2. 3rd gear at a desired engine speed reference of 46.67%. 
Also note that the figure displays the auto shift points for the full range of gears, not being 
restricted to the maximum forward fourth as per the testing site speed restrictions.  
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Figure 25 Gear auto shift with respect to desired EOS and ground speed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The gearbox logic function contains a series of if and elseif statements to capture the 
behaviours explained above. The logic is described in the remaining pages of the chapter. 
The active gear is the first input examined in the decision process. The platform must shift 
through all forward gears one at a time, regardless of the difference between the desired and 
actual.  Depending on the actual gear, the potential up or down gear options are the first item 
established.  
Operating in fourth gear and taking off from neutral are special cases. From neutral, if the 
desired gear is one for forward motion and the groundspeed is not negative (i.e the platform 
is not already reversing), the machine moves into first gear, with a designated shifting delay. 
This enforces the behaviour of not shifting from a negative gear into first until the ground 
speed is sufficiently positive, with -1m/s being the limit. From neutral, if a reverse gear is 
desired at a forward moving groundspeed, the machine is able to switch into either reverse1 
or reverse 2 instantaneously, without needing to shift through -1 to get to -2. Operation in 
fourth gear is the simplest case, where the block only needs to consider downshifting 
dependent on the transmission speed required for the case of brake on or off.  
When the brake is on, the gearbox requires the transmission output speed to be higher before 
shifting up than when the brake is off.  The machine will also allow its self to downshift from 
a higher transmission output RPM when the brake is detected. This occurs within the 
machine to protect the gearbox and transmission shaft from shock impacts that arise with 
sudden change in load. The braking shift points are also higher than the regular shift points to 
make the switch to a lower gear earlier in order to take better advantage of natural engine 
retarding. 
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Reversing gears behave independently of brake or TOS. When the actual gear is -1 or -2, the 
output of is simply the minimum of 1 and the desired gear, meaning the gearbox can shift 
from -2 straight to 1. This prevents shifting to second gear or above yet also means the 
machine doesn’t have to shift into neutral to move up.  
For the remaining central, forward moving gears, first the function block determines if the 
brake is on or off to establish the corresponding transmission output speed the machine must 
meet to upshift or downshift.  The logic described can be more easily digested in a logical 
form, emanating the script used within the Simulink model, on the following page.  
Once the actual gear has been decided and shifted into, the output is pushed through data 
conversion blocks to ensure the result is an integer. The value is then fed back to the function 
input, to assist in making the next decision.  
The final output of the gearbox is a switch, which outputs the corresponding ear ratio for the 
integer name of that gear.  
The functional block and gearbox Simulink arrangement are displayed below.  
 
 
 
Figure 26 Simulink gearbox configuration 
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Gearbox Function Logic Description 
 
 
 
  
function [gear, delay] = fcn(actualGear, desiredGear, transmissionSpeed, brakeOn, groundSpeed, 
shiftDelay, shiftDelay_tc) 
 
gear = actualGear; 
delay = shiftDelay; 
 
Special Case 1, Shift from Neutral 
If actualGear == 0 
        if desiredGear > 0 & groundSpeed > -1 
            upshift; 
            delay = shiftDelay_tc; 
        elseif desiredGear < 0 & groundSpeed < 1 
            gear = desiredGear; 
        end 
 
Central Gears         
elseif actualGear = between 1 and 3 
        if brakeOn  
            upshiftTos = x; 
        else 
            upshiftTos = y; 
        end 
         
        if desiredGear > actualGear & transmissionSpeed > upshiftTos 
            Upshift; 
        elseif desiredGear < actualGear 
            Downshift; 
        End 
 
Special Case 2, Shift from 4th Gear 
elseif actualGear == 4 
         
        if brakeOn 
            downshiftTos = w; 
        else 
            downshiftTos = z; 
        end 
         
        if transmissionSpeed < downshiftTos 
            gear = 3;  
        end 
 
Special Case 3, Negative Gears 
elseif actualGear == -1 
        gear = min([1, desiredGear]); 
elseif actualGear == -2 
        gear = min([1, desiredGear]); 
 
Troubleshooting  
else 
        gear = actualGear; 
        disp('Error in gear shift block') 
  
40 | P a g e  
 
4.5 Torque Converter 
The torque converter in the preliminary model was simply a gain of 1 between the engine and 
transmission, simulating full lockup at all times. 
The torque converter allows the transmission to spin independently of the engine. This protects 
the transmission shaft during start up, and after a short period locks into place. It also takes the 
role of a clutch, allowing the engine to maintain high RPM with the machine in neutral, and 
disengaging with every gear shift. Although some torque converters have the ability to multiply 
torque supplied to the transmission, the logic hereafter assumes that the transmission input can 
only be less than or equal to that provided by the engine. Put simply, the torque converter 
modulates the fraction of engine torque and speed passed to the transmission. 
The approach described in the literature in modelling a torque converter required 4 ODE’s to 
be solved simultaneously. To solve these ODEs, up to 24 geometric variables would need to 
be acquired, relating to the internal radius, inertia, rotation area and blade angles of the torque 
converter components. This approach would require specific coefficients pertaining to the 
geometry and flow conditions of the exact scenario being modelled. This information was not 
made available by Caterpillar and thus it was decided that a purely empirical modelling 
approach may be an equally powerful, yet greatly simplified approach. 
Data from the machine indicating at what velocity the lockup clutch engaged while both 
accelerating up through the gears and shifting back down to neutral was analysed. It was 
observed that the lockup point could be related directly to ground speed. Table 5 shows the 
lockup speeds recorded over 4 tests, as well as the average for each case.  
Table 5 Lock Up Clutch Engage Velocity 
Test Title Accelerating - Engage Lockup 
Clutch at Ground Speed  
[m/s] 
Decelerating – Disengage 
Lockup Clutch at Ground Speed 
[m/s] 
Test 1  1.268 2.355 
Test 2  1.337 1.49 
Test 3  1.311 1.563 
Test 4  1.272 2.567 
Average 1.297 1.99375 
 
The data indicates that when moving up through the gears, the lockup clutch engages at 
approximately 1.3 𝑚/𝑠, if decelerating however, the lockup appears to disengage earlier, at 
approximately 2 𝑚/𝑠. The lockup clutch is always disengaged at all times in reverse gears and 
is observed to disengage and re-engage with every gear shift.  
  
41 | P a g e  
 
The logic required for the torque converter is housed within a Simulink function block in the 
actual/ reverse speed path. The block bridges the reverse transmission and the engine. This path 
was created in order to work backward from the actual ground speed to derive the actual EOS, 
necessary for the logic within the engine block. The torque converter exists only in this path as 
this signal stems from the actual ground speed of the machine and is not directly derived from 
a desired value. 
An attempt was made to incorporate the torque converter into the forward path, but its presence 
restricted an increase in the groundspeed. Without adequate ground speed, the torque converter 
will not engage and without engaging, the ground speed cannot increase because the 
transmission receives insufficient torque. This creates a loop whereby an increase in ground 
speed is restricted, preventing the torque converter from lockup, limiting the output ground 
speed and so on. To avoid this issue, the torque converter was only simulated in the reverse 
path. 
Placing the torque converter in the reverse path gives it influence over the derivation of actual 
EOS. This is fed back to the forward path via the engine, directly impacting its torque output 
and therefore inadvertently taking effect on the forward, desired path.  Because of this logic 
flow, it was deemed acceptable to leave the forward path connection between engine and 
transmission absent of a torque converter.  
Figure 27 shows the torque converter in model. The inputs are the transmission input speed, 
ground speed and actual gear. 
Figure 27 Torque Converter Function 
 
The groundspeed and actual gear are fed to the function from tags, sourcing their values from 
elsewhere in the model. Within the function, the absolute value of ground speed is taken and 
compared to a single threshold value of 1.29 m/s. The absolute speed is used so that the output 
is irrespective of the direction of travel. If above the 1.29m/s threshold, the modulation ratio is 
between the engine and transmission shafts is set to 1 and the clutch is locked up. The 
acceleration threshold was adapted for both accelerating and decelerating cases. Within the 
model, this means that if decelerating, the simulation may remain locked up for an additional 
0.607 seconds. This was done purely for simplicity and has negligible impact on the machine 
behaviour in comparison to the experimental data. In future, both threshold speeds could be 
incorporated for use depending on the acceleration/deceleration of the machine.  
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This may help improve the overall accuracy very slightly for the periods over which the 
machine is slowing down.  
 
If the ground speed is below the threshold, the modulation ratio is determined via a simple 
linear relation and the engine output speed is calculated as per Equation 15; 
Equation 15 Torque Converter EOS 
𝐸𝑂𝑆 =
1.29 × 𝑇𝐼𝑆
𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
 
This relation is simpler to digest when one considers the following; 
Equation 16 Modulation Ratio 
𝑇𝐼𝑆 =
𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
1.29
× 𝐸𝑂𝑆 
It is also useful to recall that the transmission input can only be less than or equal to the engine 
output for either speed or torque.   
The only exception to the above logic is in the case where the machine is in a reverse gear. If 
this is the case, the EOS is set to equal the TIS, regardless of the machine groundspeed.  
Due to the incredibly small period in which the lockup disengages with each gear shift (less 
than a second), the impact of disengaging with each shift was deemed negligible. For this 
reason, this behaviour was not included in the plant model. 
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5.0 Rigid Body Dynamics 
Rigid body dynamics were incorporated into the plant using a sub-model called 
‘Articulation_Dynamics’. Its Simulink block is shown in Figure 28 below, along with its 
inputs and outputs. 
Figure 28 Articulation Dynamics Sub Model 
 
Within the sub-model there are two focus areas, these are the Equations of Motion and the 
Tyre Dynamics. 
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5.1 Equations of Motion 
In the preliminary model, the equations were derived only for the most basic case; a rigid 
body with a single translational degree of freedom, denoted the ‘Brick’ model. This was done 
to validate the foundation of the model, namely the engine output, transmission output and 
ground speed output. Once this was achieved, the dynamics of the model could be expanded 
to consider the joint motion of the front and rear bodies with respect to the pivot and their 
conjoined motion with respect to a global xy frame.  
5.1.1 Brick Dynamics  
In the brick model, a simple second order equation of motion was implemented. The sum of 
forces acting on the brick were simply the sum of driving force and opposing losses at the 
wheels.  
Equation 17 Newton’s second law 
෍𝐹 = 𝑚?̈? =  𝐹𝑤ℎ𝑒𝑒𝑙𝑠 − 𝐹𝑙𝑜𝑠𝑠 
The loss terms are calculated as shown in Equation 18; 
Equation 18 Loss forces 
𝐹𝑙𝑜𝑠𝑠𝑒𝑠 = 𝐹𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝐷𝑟𝑎𝑔 + 𝐹𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 + 𝐹𝑅𝑜𝑙𝑙𝑖𝑛𝑔 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 
𝐹𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝐷𝑟𝑎𝑔 =
1
2
𝜌𝐶𝑑𝐴?̇?
2 
𝐹𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 = 𝑏?̇? 
𝐹𝑅𝑜𝑙𝑙𝑖𝑛𝑔 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑔𝐶𝑟 
The rigid body diagram accompanying this derivation is shown in  
Figure 29 Rolling ‘Brick’ Free Body Diagram. Force is input to the block, and the rigid body 
dynamics seek to output velocity. 
Figure 29 Rolling ‘Brick’ Free Body Diagram 
 
The Simulink implementation of this model is shown across the page. 
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Figure 30 Brick Dynamics Simulink Implementation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note that rolling friction is passed through a filter to ensure no negative force is acting upon 
the wheels when the vehicle is stationary.  The velocity, ?̇?, is the only variable extracted. Its 
value is fed directly to the simulation output and passed downstream to the reverse transmission 
block. 
 
 
 
 
 
 
 
 
 
 
  
47 | P a g e  
 
5.1.2 Coordinate Convention 
In the preliminary model, the simulation was restricted to motion in a single degree of 
freedom, that is, tracking the machine location needed only consideration to displacement 
along a straight line. To incorporate articulation, the platform needed to be moved from its’ 
single degree existence into a two-dimensional plane. The origin of the plane would be used 
as a global frame of reference, from which the pivot point of the platform could be measured.  
The pivot point coordinates are denoted (x,y).The angle the front body wheel base  makes 
with the horizontal is called the machine heading. Theta is the symbol used to describe 
heading, and phi for the angle of articulation. Articulation is the angle between the front and 
rear bodies. 
Figure 31 Coordinate Reference Frame 
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In Figure 31 the world coordinate frame is shown in blue.  Both the front and rear bodies are 
located with a cartesian X and Y coordinate and are oriented about the Z-axis with a heading, 
θ. The front body is articulated about a central pivot, φ.  The rear and front axles are located l1 
and l2 meters from the articulation point respectively. Each body has a centre of mass that is 
located d1 and d2 from the articulation point. A red coordinate frame is attached to the pivot.   
 
Lumping the left and right wheels together, at both the front and rear axles, and considering 
them to rotate with the same angular velocity and direction, results in what is known as a 
bicycle model. To describe each wheel pair, simple geometry involving the length and 
heading of each body, as well as the position of the pivot can be used. 
The rear body is designated subscript 1, and the front with subscript 2. The x and y 
coordinates of the front and rear wheel pairs are developed below. 
Rear Body Front Body 
𝑥1 = 𝑥 − 𝐿1cos (𝜃1) 𝑥2 = 𝑥 + 𝐿2cos (𝜃2) 
𝑦1 = 𝑦 − 𝐿1sin (𝜃1) 𝑦2 = 𝑦 + 𝐿2sin (𝜃2) 
 
5.1.3 Articulating Equations of Motion 
The equations that follow describe how the pivot moves relative to the world frame. The 
configuration of this frame is augmented with articulation angle to give the following 
configuration space; 
𝑞 = [
𝑥
𝑦
𝜃
𝜙
] 
The centre of mass for each body is located in the world frame as follows: 
Body 1: 
𝑥1 = 𝑥 − 𝑑1cos (𝜃 − 𝜙) 
𝑦1 = 𝑦 − 𝑑1sin (𝜃 − 𝜙)   
𝜃1 = 𝜃 − 𝜙 
Body 2: 
𝑥2 = 𝑥 + 𝑑2 cos(𝜃) 
𝑦2 = 𝑦 + 𝑑2 sin(𝜃) 
𝜃2 = 𝜃 
The rate of change of these bodies are: 
    ?̇?1 = ?̇? + 𝑑1(?̇? − ?̇? )sin(𝜙 − 𝜃) 
?̇?1 = ?̇? − 𝑑1cos (𝜙 − 𝜃)(?̇? − ?̇?)  
?̇?1 = ?̇? − ?̇? 
Body 2: 
?̇?2 = ?̇? − 𝑑2?̇? sin(𝜃) 
?̇?2 = ?̇?  + 𝑑2?̇? cos(𝜃) 
?̇?2 = ?̇? 
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The Lagrangian is 
 
𝐿 =
1
2
𝑀1𝑣1
2 +
1
2
𝐽1?̇?1
2 +
1
2
𝑀2𝑣2
2 +
1
2
𝐽2?̇?2
2 
The squared velocity terms are calculated as: 
𝑣1
2 = ?̇?1
2 + ?̇?1
2 
𝑣1
2 = ?̇?2 + ?̇?2 +  𝑑1
2?̇?2 + 𝑑1
2?̇?2 − 2𝑑1
2?̇??̇? + 2𝑑1?̇??̇? cos(𝜙 − 𝜃) − 2𝑑1?̇??̇? cos(𝜙 − 𝜃)
+ 2𝑑1?̇??̇? sin(𝜙 − 𝜃) − 2𝑑1?̇??̇? sin(𝜙 − 𝜃) 
𝑣2
2 = ?̇?2
2 + ?̇?2
2 
𝑣2
2 = ?̇?2 + ?̇? + 𝑑2
2?̇?2 + 2𝑑2 cos(𝜃) ?̇??̇? − 2𝑑2 sin(𝜃) ?̇??̇? 
 
5.1.4 Calculating Generalised Forces 
Generalised forces represent how the forces experienced at each tyre correspond to forces and 
torques against the configuration space parameters.  Note that the bicycle model is 
implemented, lumping the front two and the rear two wheels together. Tyre 1 represents the 
front wheel and tyre 2 the rear. A diagram of this model and the corresponding forces is 
presented in Figure 32. In the figure, 𝒓 represents the radius of the wheel position with respect 
to the world frame.  
Figure 32 Bicycle model diagram 
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Let us now denote 𝜃 − 𝜙 as  𝜃1 and 𝜃 as 𝜃2 for simplicity; 
𝑟1,𝑥 = 𝑥 + 𝐿2 cos(𝜃2) 
𝑟1,𝑦 = 𝑦 + 𝐿2 sin(𝜃2) 
Lagrange’s is an energy method, hence interactions influencing the platform’s motion at the 
wheels are quantified as work terms (units are joules). These work terms can be resolved into 
generalized forces with respect to each degree of freedom. This is done by taking respective 
partial derivatives. In the nomenclature used below, another way to interpret this is as the 
generalised force against configuration space parameter x, from tyre 1’: 
𝑊𝑤ℎ𝑒𝑒𝑙1 = 𝐹1𝑟1 = 𝐹𝑥,1𝑟1,𝑥 + 𝐹𝑦,1𝑟1,𝑦  
For motion with respect to 𝑞 (degree of freedom): 
𝐹𝑔𝑒𝑛,𝑞 =
𝜕𝑊
𝜕𝑞
=  
𝜕
𝜕𝑞
(𝐹𝑥,1𝑟1,𝑥 + 𝐹𝑦,1𝑟1,𝑦) 
𝐹𝑔𝑒𝑛,𝑞 =  𝐹𝑥,1
𝜕
𝜕𝑞
𝑟1,𝑥 + 𝐹𝑦,1
𝜕
𝜕𝑞
𝑟1,𝑦 
The resulting generalized forces for each degree of freedom at wheel 1 are expressed below: 
𝐹𝑔𝑒𝑛1,𝑥 = 𝐹𝑥,1
𝜕𝑟1,𝑥
𝜕𝑥
+ 𝐹𝑦,1
𝜕𝑟1,𝑦
𝜕𝑥
 
𝐹𝑔𝑒𝑛1,𝑥 = 𝐹𝑥,1 × 1 + 𝐹𝑦,1 × 0 
𝐹𝑔𝑒𝑛1,𝑥 = 𝐹𝑥,1 
𝐹𝑔𝑒𝑛1,𝑦 = 𝐹𝑥,1
𝜕𝑟1,𝑥
𝜕𝑦
+ 𝐹𝑦,1
𝜕𝑟1,𝑦
𝜕𝑦
 
𝐹𝑔𝑒𝑛1,𝑦 = 𝐹𝑥,1 × 0 + 𝐹𝑦,1 × 1 
𝐹𝑔𝑒𝑛1,𝑦 = 𝐹𝑦,1 
𝐹𝑔𝑒𝑛1,𝜃 = 𝐹𝑥,1
𝜕𝑟1,𝑥
𝜕𝜃
+ 𝐹𝑦,1
𝜕𝑟1,𝑦
𝜕𝜃
 
𝐹𝑔𝑒𝑛1,𝜃 = 𝐹𝑥,1 (−𝐿2 sin(𝜃2) −
𝑤
2
cos(𝜃2)) + 𝐹𝑦,1 (𝐿2 cos(𝜃2) −
𝑤
2
sin(𝜃2)) 
𝐹𝑔𝑒𝑛1,𝜙 = 𝐹𝑥,1
𝜕𝑟1,𝑥
𝜕𝜙
+ 𝐹𝑦,1
𝜕𝑟1,𝑦
𝜕𝜙
 
𝐹𝑔𝑒𝑛1,𝜙 = 0 
The same method is applied to the rear tyre to determine the total generalised forces against 
each configuration space parameter. Note that the rear tyre set have been denoted tyre 2 in this 
derivation. 
The vector below describes the generalized forces with respect to the assigned configuration 
space; 
𝐹𝑔𝑒𝑛 =
[
 
 
 
𝐹𝑥1 + 𝐹𝑥2
𝐹𝑦1 + 𝐹𝑦2
𝐹𝑔𝑒𝑛1,𝜃 + 𝐹𝑔𝑒𝑛2,𝜃
𝐹𝑔𝑒𝑛1,𝜙 + 𝐹𝑔𝑒𝑛2,𝜙]
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5.1.5 Equations of Motion from the Lagrangian 
Energy conservation requires the partial derivatives of the left-hand side terms, be equal to 
their corresponding generalized force, as derived above. This is the crux of the Lagrange 
method, revealing the system’s equations of motion;  
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) −
𝜕𝐿
𝜕𝑞
= 𝐹𝑔𝑒𝑛 
Where: 
𝐿 =
1
2
𝑀1((?̇?
2  +  ?̇?2  + 𝑑1
2?̇?2  + 𝑑1
2?̇?2  −  2𝑑1
2?̇??̇?  +  2𝑑1?̇? ?̇?cos (𝜙 − 𝜃) −  2𝑑1?̇??̇?𝑐𝑜𝑠(𝜙
− 𝜃)  +  2𝑑1?̇??̇?𝑠𝑖𝑛(𝜙 −  𝜃)  −  2𝑑1?̇??̇?𝑠𝑖𝑛(𝜙 −  𝜃)) +
1
2
𝐽1(?̇? − ?̇?)
2
+
1
2
𝑀2(?̇?
2  +  ?̇?2  + 𝑑2
2 ?̇?2  +  2𝑑2cos (𝜃)?̇??̇?  −  2𝑑2𝑠𝑖𝑛(𝜃)?̇??̇?) +
1
2
𝐽2(?̇?)
2
 
The equations of motion with respect to the 4 degrees of freedom, 𝑥, 𝑦, 𝜃, 𝜙 ,for each body are 
now constructed within the symbolic toolbox. The equations of motion summarised once again 
are; 
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) −
𝜕𝐿
𝜕𝑥
= 𝐹𝑔𝑒𝑛,𝑥 
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) −
𝜕𝐿
𝜕𝑦
= 𝐹𝑔𝑒𝑛,𝑦 
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) −
𝜕𝐿
𝜕𝜃
= 𝐹𝑔𝑒𝑛,𝜃 
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕?̇?
) −
𝜕𝐿
𝜕𝜙
= 𝐹𝑔𝑒𝑛,𝜙 
  
52 | P a g e  
 
The final equations take the form 𝑀?̈? = 𝑏, with; 
𝑀 = 
[ 𝑚1  + 𝑚2,   0, − 𝑑2𝑚2𝑠𝑖𝑛(𝜃)  −  𝑑1𝑚1𝑠𝑖𝑛(𝜙 − 𝜃), 𝑑1𝑚1𝑠𝑖𝑛(𝜙 − 𝜃)] 
[ 0,𝑚1  + 𝑚2,   𝑑2𝑚2𝑐𝑜𝑠(𝜃)  − 𝑑1𝑚1𝑐𝑜𝑠(𝜙 − 𝜃), 𝑑1𝑚1𝑐𝑜𝑠(𝜙 − 𝜃)] 
[ − 𝑑2𝑚2sin (𝜃)  −  𝑑1𝑚1sin (𝜙 − 𝜃), 𝑑2𝑚2cos (𝜃)  −  𝑑1𝑚1cos (𝜙 − 𝜃), 𝑚1𝑑1
2  + 𝑚2𝑑2
2  
+  𝐽1 + 𝐽2, − 𝑚1𝑑1
2  −  𝐽1] 
[ 𝑑1𝑚1𝑠𝑖𝑛(𝜙 − 𝜃), 𝑑1𝑚1𝑐𝑜𝑠(𝜙 − 𝜃),− 𝑚1𝑑1
2  −  𝐽1,𝑚1𝑑1
2  +  𝐽1] 
and 
𝑏 = 
[− 𝑑1𝑚1cos ((𝜙 − 𝜃)?̇?
2  +  2𝑑1𝑚1cos ((𝜙 − 𝜃)?̇??̇? +  (𝑑2𝑚2cos (𝜃)  − 𝑑1𝑚1𝑐𝑜𝑠((𝜙 −
𝜃))?̇?2  + 𝐹𝑥1  +  𝐹𝑥3] 
[𝑑1𝑚1sin ((𝜙 − 𝜃)?̇?
2   −  2𝑑1𝑚1sin ((𝜙 − 𝜃)?̇??̇?  + (𝑑2𝑚2 sin(𝜃) + 𝑑1𝑚1 sin(𝜙 − 𝜃))?̇?
2 
 + 𝐹𝑦1  + 𝐹𝑦3] 
[ 𝐹𝑦1𝐿2𝑐𝑜𝑠(𝜃) − 𝐹𝑥3𝐿1𝑠𝑖𝑛((𝜙 − 𝜃) − 𝐹𝑥1𝐿2𝑠𝑖𝑛(𝜃) − 𝐹𝑦3𝐿1𝑐𝑜𝑠((𝜙 − 𝜃)] 
[  𝐹𝑥3𝐿1𝑠𝑖𝑛((𝜙 − 𝜃) + 𝐹𝑦3𝐿1𝑐𝑜𝑠((𝜙 − 𝜃)] 
 
The equations require all state space variables,  [𝑞 =
𝑥
𝑦
𝜃
𝜙
 ; ?̇? =
?̇?
?̇?
?̇?
?̇?
 ], as well as the longitudinal 
and lateral forces at the front and rear wheel.  
The ‘Lagrange’ function block compiles the state variables and builds the 𝑀  and 𝑏 matrices to 
solve the acceleration in 𝑥, 𝑦 and 𝜃 (noting that 𝜙 is taken from an independent lookup).  
?̈? = 𝑀−1𝑏 
The second derivative of the machine state can therefore be found at any instant. This value for 
each variable can then be integrated twice in the S domain to describe the instantaneous 
location and description of the machine’s motion. Within the model the integrated terms are 
sent to tags to be fed back as inputs and also into the lateral and longitudinal velocity calculation. 
Initial conditions are required for each of these inputs to kick start the simulation. 
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To reiterate, inputs to the Lagrange equations were identified as ;  
𝑞 =
𝑥
𝑦
𝜃
𝜙
 ,   ?̇? =
?̇?
?̇?
?̇?
?̇?
  𝑎𝑛𝑑 𝐹𝑔𝑒𝑛,𝑡𝑦𝑟𝑒𝑠  
With the output being; 
?̈? =
?̈?
?̈?
?̈?
?̈?
   
 The condensed equations reside within the functional Matlab block ‘Lagrange’, shown over 
the page in Figure 33.
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Figure 33 Equations of Motion Simulink Model 
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5.1.6 Building the Lagrange Inputs 
The equations of motion function require the inputs 𝑞, ?̇? and 𝐹𝑔𝑒𝑛,𝑡𝑦𝑟𝑒𝑠 . In the case of 
𝑥, 𝑦, ?̇? 𝑎𝑛𝑑 ?̇?, these values can be sourced from elsewhere in the model. All others must be 
input or derived specifically. 
𝑥, 𝑦, ?̇? 𝑎𝑛𝑑 ?̇? are the simplest to obtain, through integration of the function output.  
 
 
 
Implementation of this in Simulink is shown below. The same method is used for all 4 variables 
(𝑥, 𝑦, ?̇? 𝑎𝑛𝑑 ?̇?). 
 
Figure 34 Integration of the Second Derivative for EOM Feedback Input 
 
 
The ‘go to’ tags are sent to build the vectors required at the function input; This is shown in 
Figure 35 below; 
?̈? 
∫   ?̇? ∫   
𝑥 
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Figure 35 Feedback Tags 
 
There are 4 tags in the 𝑞 and ?̇? vectors still unaccounted for; 𝜃, 𝜙, ?̇? 𝑎𝑛𝑑 ?̇? .  
The first two to be discussed are 𝜃 𝑎𝑛𝑑 ?̇?. 
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Figure 36 shows the Lagrange function output with respect to ?̈?. Rather than simply being 
integrated twice, as was done with ?̈? and ?̈?, a first order high pass filter and conversion factor 
are included to manage the influence of articulation rate on heading acceleration.  
Figure 36 Integration of the second derivative of heading and management of the articulation 
angle influence 
 
?̈?𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 is calculated as per Equation 19. The rate of change of heading is calculated as per 
Equation 19 Heading acceleration effective 
?̈?𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = ?̈? + ?̈?  
Equation 20 Heading rate of change 
?̇? = ∫ ?̈?𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 − 0.25?̇? 𝑑𝑡 
The acceleration of articulation (?̈?) is a value that must be calculated specifically for its use 
in this function. The articulation rate ?̇? is input to the block from the articulation lookup - 
described in further depth later in the chapter. The articulation rate is multiplied by the 
‘articRateYawRateFactor’. This factor was experimentally determined and proportions the 
rate of change of articulation to that of the heading. Next, the product is multiplied by the 
𝑎𝑟𝑡𝑖𝑐𝑅𝑎𝑡𝑒𝑌𝑎𝑤𝑅𝑎𝑡𝑒𝐺𝑎𝑖𝑛 and pushed through a high pass filter, taking the form shown in 
Equation 21.  
Equation 21 Articulation acceleration filter  
?̈?  = ?̇?(articRateYawRateFactor × 𝑎𝑟𝑡𝑖𝑐𝑅𝑎𝑡𝑒𝑌𝑎𝑤𝑅𝑎𝑡𝑒𝐺𝑎𝑖𝑛)
×
𝑠
𝑠 + 𝑎𝑟𝑡𝑖𝑐𝑅𝑎𝑡𝑒𝑌𝑎𝑤𝑅𝑎𝑡𝑒𝐺𝑎𝑖𝑛
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The filter attenuates low frequency articulation rate changes while the 
𝑎𝑟𝑡𝑖𝑐𝑅𝑎𝑡𝑒𝑌𝑎𝑤𝑅𝑎𝑡𝑒𝐺𝑎𝑖𝑛 is a gain used to convert the value to an acceleration term. Finally, 
the result for ?̇? is sent to a tag to be used elsewhere in the model, along with its integral, 𝜃. 
Both of these values are fed back into the Lagrange function shown in Figure 35. 
The final remaining tags for the 𝑞 and ?̇? vectors are those belonging to 𝜙 and 𝜙 ̇ . Unlike the 
other state variables, articulation is directly related to an overarching plant input. The steering 
rate selected by the machine operator is actuated via the hydraulic pistons at the machine 
pivot, determining the rate of articulation.  
The steering input is processed outside of the “Articulation_Dynamics’ sub model by the 
Articulation Input Manager, see Figure 37. The signal is input as an integer in the range of 
±60. The articulation manager accepts this value, as well as the actual gear and throttle, to 
output the corresponding articulation rate in degrees per second.  
Figure 37 Articulation Input Manager 
 
It was experimentally determined that the rate at which the machine articulates in degrees per 
second is dependent on not only the steering request, but also the machine actual gear and 
actual EOS. The data associating combinations of these variables with an articulation rate in 
degrees per second is housed within the matlab function in Figure 37. The function is 
essentially a large empirically derived lookup table. 
This data is presented in the form of surface plots in Figures 38 and 39.  
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Figure 38 Surface Plot Articulation Rate - Forward Gears 
 
 
Figure 39 Surface Plot Articulation Rate - Reverse Gears 
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Also present in the Articulation Input Manager are the artic short delay and artic long delay. 
Both delays process the articulation rate output by the artic function. Which delay is then 
passed into the sub model depends on the delay decided upon by the inner ‘Artic Rate 
Model1’ function shown in Figure 40. 
 
Figure 40 Surface Plot Articulation Rate - Reverse Gears 
 
 
 
 
 
 
 
 
 
 
 
Within the function, the desired articulation rate and the active articulation angle are assessed 
to determine the amount of stiction the hydraulic pistons must overcome to complete the 
request. Stiction is the static friction opposing motion. The short delay is applied to match 
stiction imposed on the physical machine from dynamic drag. The long delay is relative to the 
time to overcome static drag, or lag that occurs when a request is submitted while the 
cylinders are at rest. The stiction to overcome from stationary is greater than the dynamic 
alternative, for this reason the static lag is longer.  
The delay values are; 
articShortDelay = 0.37 seconds  
articLongDelay = 0.48 seconds 
The function in Figure 40 confirms if the pistons are already in motion and relays which 
delay is appropriate to the switch in . Once the Articulation Input Manager has selected which 
delay to use, the corresponding articulation rate is fed into the Articulation_Dynamics’ sub 
model. The signal arrives at port 4, also seen in Figure 40. 
Integrating the top output of the function once gives the articulation angle 𝜙, and both 
𝜙 𝑎𝑛𝑑 ?̇? are now ready to be sent to tags and fed into the Lagrange function.  
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The final required LaGrange inputs are the tyre forces shown in Figure 41. 
The forces are fed into the function with respect to the global xy frame.  
Figure 41 Lagrange Tyre Force Inputs 
 
The transformation functions shown in the figure are purely geometric; 
Table 6 Force Frame Transformations 
 
The forces being transformed are input to the functions with respect to the longitudinal and 
lateral directions. These have been derived using the tyre dynamic model, to be explained in 
the following chapter.   
 
  
Rear Front 
𝐻𝑒𝑎𝑑𝑖𝑛𝑔𝑟𝑒𝑎𝑟 𝑏𝑜𝑑𝑦 =  𝜃 − 𝜙 
𝐹𝑥 = 𝐹𝑙𝑜𝑛𝑔 × cos(𝜃 − 𝜙) − 𝐹𝑙𝑎𝑡 × sin (𝜃 − 𝜙) 
𝐹𝑦 = 𝐹𝑙𝑜𝑛𝑔 × sin(𝜃 − 𝜙) + 𝐹𝑙𝑎𝑡 × cos (𝜃 − 𝜙) 
𝐻𝑒𝑎𝑑𝑖𝑛𝑔𝑓𝑟𝑜𝑛𝑡 𝑏𝑜𝑑𝑦 =  𝜃 
𝐹𝑥 = 𝐹𝑙𝑜𝑛𝑔 × cos(𝜃) − 𝐹𝑙𝑎𝑡 × sin (𝜃) 
𝐹𝑦 = 𝐹𝑙𝑜𝑛𝑔 × sin(𝜃) + 𝐹𝑙𝑎𝑡 × cos (𝜃) 
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1.2 Tyre Dynamics  
The dynamic tyre model approach implemented is Pacejka’s ‘magic formula’ model. This 
empirical model requires the tyre velocities be known with respect to the lateral and 
longitudinal directions of travel. Using these velocities, the model determines slip at the 
wheel and the corresponding forces in the longitudinal and lateral directions.   
The simulation handles this with a three-pronged approach. The first step is to determine the 
velocities in the reference frame required by Pacejka’s formulae. This process is described 
below. 
9.2.1 Lateral and Longitudinal Velocity 
Table 7 presents the equations involved in the velocity derivations. In this set of equations,  𝜙 
is the articulation angle, 𝜃1 is the direction of the rear wheel to the horizontal end 𝜃2 is that of 
the front wheel. 𝑥 and 𝑦 denote the location of the global frame, i.e the pivot.  
Equation 22 Front Body Heading 
𝜃2 = 𝜃 
Equation 23 Rear Body Heading 
𝜃1 = 𝜃 − 𝜙 
Table 7 Velocity Derivation 
Rear Body Front Body 
𝑥1 = 𝑥 − 𝐿1cos (𝜃1) 𝑥2 = 𝑥 + 𝐿2cos (𝜃2) 
𝑦1 = 𝑦 − 𝐿1sin (𝜃1) 𝑦2 = 𝑦 + 𝐿2sin (𝜃2) 
𝑥1̇ = ?̇? − 𝐿1sin (𝜃1) 𝜃1̇ 𝑥2̇ = ?̇? − 𝐿2sin (𝜃2) 𝜃2̇ 
𝑦1̇ = ?̇? − 𝐿1cos (𝜃1) 𝜃1̇ 𝑦2̇ = ?̇? + 𝐿2cos (𝜃2) 𝜃2̇ 
𝑉𝑙𝑎𝑡,1 = −𝑥1̇sin (𝜃1)𝜃1̇ 𝑉𝑙𝑎𝑡,2 = −𝑥2̇ sin(𝜃2) + 𝑦2̇cos (𝜃2) 
𝑉𝑙𝑜𝑛𝑔,1 = 𝑥1̇ cos(𝜃1) + 𝑦1̇sin (𝜃1) 𝑉𝑙𝑜𝑛𝑔,2 = 𝑥2̇ cos(𝜃2) + 𝑦2̇sin (𝜃2) 
 
Figures 4 and 9 are useful in understanding the geometric transformations presented in Table 
7. They are presented once again below for reference (in respective order). 
 
 
 
 
  
𝜃𝑖 
𝑉𝑥 
𝑉𝑦 
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The equations detailed in Table 7 exist within a function block in the Simulink model, to accept 
the state variables required, namely 𝜃, 𝜙, ?̇?, ?̇?, ?̇? 𝑎𝑛𝑑 ?̇?, and output the velocity components. 
These values are supplied from tags attached to the output of the EOM block. Within the 
Simulink model,  shows this function for the rear wheel pair. Within the equations of motion 
sub-model, one of these functions exists for both wheel pairs.  
 
Figure 42 Velocity Transformation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With the velocity terms now known, the next step is to determine the corresponding slip.   
 
9.2.2 Slip  
Slip is calculated within a matlab function following the velocity transformation. The 
function inputs are the lateral and longitudinal velocity outputs from the previous block as 
well as the translational velocity of the tyre pair. The derivation of this term is explained in 
chapter 9.2.4. Figure 43 shows the slip function within the model. 
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Figure 43 Slip Function 
 
 
 
 
 
 
 
 
 
 
 
 
Within the slip function block, the empirical tyre functions described in the following 
equations are executed 
Equation 24 Lateral slip 
𝑆𝑙𝑖𝑝𝑙𝑎𝑡 = {
− tan(𝛼)     𝑉𝑙𝑜𝑛𝑔 ≥ 0
    tan(𝛼)     𝑉𝑙𝑜𝑛𝑔 ≤  0
 
Equation 25 Longitudinal slip 
𝑆𝑙𝑖𝑝𝑙𝑜𝑛𝑔 =
𝑉𝑡𝑦𝑟𝑒 − 𝑉𝑙𝑜𝑛𝑔 
max (|𝑉𝑡𝑦𝑟𝑒|, |𝑉𝑙𝑜𝑛𝑔|)
 
Equation 26 Total slip 
𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙 = √𝑆𝑙𝑖𝑝𝑙𝑜𝑛𝑔
2 + 𝑆𝑙𝑖𝑝𝑙𝑎𝑡
2  
The final step is to generate the forces at each wheel pair.  
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9.2.3 Tyre Forces 
A final matlab function exists within the model for each body, which accepts the latitudinal 
and longitudinal slip terms calculated in the previous block, as well as the weight force 
exerted on the axle. The function outputs the desired forces. Figure 44 shows this function for 
the rear axle. 
Figure 44 Tyre Force Rear Body Matlab Function 
 
 
The weight force exerted on each axle (Fz) is calculated according to the following formulae; 
Equation 27 Rear Axle Weight Force 
𝐹𝑧,𝑟𝑒𝑎𝑟 = 0.31 (𝑚1 + 𝑚2) × 𝑔 
Equation 28 Front Axle Weight Force 
𝐹𝑧,𝑓𝑟𝑜𝑛𝑡 = 0.69 (𝑚1 + 𝑚2) × 𝑔 
The mass values and percentages (0.31 and 0.69) are taken directly from the machine 
specifications with 𝑚1 = 12, 400 𝑘𝑔 𝑎𝑛𝑑 𝑚2 = 27, 600 𝑘𝑔 .  
𝑔  is simply the gravitational constant, whose value is assigned 9.81m/s2.   
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The empirical equations to calculate the tyre forces are outlined below. 
Equation 29 Longitudinal Tyre force 
𝐹𝑙𝑜𝑛𝑔 =
𝑆𝑙𝑖𝑝𝑙𝑜𝑛𝑔
𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙
× 𝐹𝑡𝑜𝑡𝑎𝑙 
Equation 30 Lateral Tyre force 
𝐹𝑙𝑎𝑡 = 
𝑆𝑙𝑖𝑝𝑙𝑎𝑡
𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙
× 𝐹𝑡𝑜𝑡𝑎𝑙 
Equation 31 Total Tyre force 
𝐹𝑡𝑜𝑡𝑎𝑙 = {
𝜇 × 𝐹𝑧                                   𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙 ≥ 𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔
𝜇 × 𝐹𝑧 × 𝑔(𝑠𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙)         𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙 ≤ 𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔
 
In order to calculate these forces is is apparent that the total slip and sliding slip need to be 
determined. Sliding slip is a constant dependant on the normalized tyre stiffness 𝐶𝑥0 and the 
coefficient of friction for the particular tyre/terrain combination 𝜇. It is calculated as; 
Equation 32 Sliding slip 
𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
3𝜇
𝐶𝑥0
  
Where, for the tyre type and environment being simulated, 𝜇 = 1.2 𝑎𝑛𝑑 𝐶𝑥0 = 37.2. 
These values were initially estimated from the literature, and eventually fine-tuned according 
to the simulation output accuracy. The method to calculate the total slip is shown in Equation 
33 below. 
Equation 33 Slip function 
𝑔(𝑠𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙) =
3𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙
𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔
− 3(
𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙
𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔
)
2
+ (
𝑆𝑙𝑖𝑝𝑡𝑜𝑡𝑎𝑙
𝑆𝑙𝑖𝑝𝑠𝑙𝑖𝑑𝑖𝑛𝑔
)
3
 
All of these equations are housed within the function and allow the lateral and longitudinal 
forces to be output.  
In order to complete the outlined method, the tyre translational velocity is required.  
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9.2.4 Derivation of Wheel Speed 
A sum of torque at the ‘wheel’ can be used to determine the angular velocity of the axle in 
question. Torque is supplied through the transmission, however losses arise if the brake is 
engaged and as a result of slip.  
The sum of torques applied to each wheel pair is expressed in Equation 34. 
Equation 34 Sum of torques at wheel 
෍𝑇@𝑤ℎ𝑒𝑒𝑙 = 𝑇𝐸𝑛𝑔𝑖𝑛𝑒 − 𝑇𝐵𝑟𝑎𝑘𝑒 − (𝐹𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 × 𝑅𝑤ℎ𝑒𝑒𝑙) − 𝑇𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐽𝑤ℎ𝑒𝑒𝑙?̈? 
Where ?̈? is the wheel’s angular acceleration.  
A free body diagram demonstrating these torques is shown in Figure 45. 
Figure 45 Wheel torques; free body diagram 
 
𝑇𝐸𝑛𝑔𝑖𝑛𝑒 is already known within the model, and is the torque provided to the wheels via the 
transmission from the engine output. The derivation of 𝑇𝐵𝑟𝑎𝑘𝑒 is addressed in section 9.2.5. 
The torque lost due to longitudinal slip is calculated from the longitudinal force calculated 
multiplied by the wheel radius. Finally, the traction torque is calculated from the standard 
friction formula, multiplied with the wheel radius to generate a torque; 
Equation 35 Traction Torque 
𝑇𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = (𝐹𝑤𝑒𝑖𝑔ℎ𝑡 × 𝜇) × 𝑅𝑤ℎ𝑒𝑒𝑙 
With 𝑅𝑤ℎ𝑒𝑒𝑙 = 0.95m, taken from the machine specalog.  
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In this equation, 𝜇 is the friction coefficient for the surface. Estimation based on the 
literature, along with experimental tuning, led this value to be set to 0.045. The weight forces 
are calculated in relation to the body as per Equation 27 and Equation 28. 
Angular velocity can be determined upon re-arrangement and integration of Equation 34. The 
result is expressed in Equation 36 below. 
Equation 36 Wheel angular velocity 
?̇? = ∫
𝑇𝐸𝑛𝑔𝑖𝑛𝑒 − 𝑇𝐵𝑟𝑎𝑘𝑒 − (𝐹𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 × 𝑅𝑤ℎ𝑒𝑒𝑙) − 𝑇𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝐽𝑤ℎ𝑒𝑒𝑙
 𝑑𝑡 
The translational velocity at the wheel is found with multiplication of the result with the wheel 
radius in accordance to Equation 37. 
Equation 37 Translation from Angular Velocity 
𝑣 = ?̇?𝑅𝑤ℎ𝑒𝑒𝑙 
This torque to velocity conversion process is undergone for both the front and rear axles. 
Figure 46 over the page shows this process for the rear axle. 
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 Figure 46 Sum of Torques - Rear Axle 
 
On the left-hand side of the sum are the 4 described contributing torques.  The torque provided to wheel 1 is taken from the 
‘Articulation_Dynamics’ sub-model. The longitudinal force is taken from the slip modelling as described in section 9.2.3. The traction torque is 
calculated as per Equation 35, only when the absolute value calculated for the angular wheel velocity is greater than a prescribed threshold. This 
threshold is 0.05 rad/s. This ensures the signals are responding to a legitimate value and will not change based on small changes that may be 
attributed to noisy data. This torque is multiplied by 1 or negative 1 depending on the detected direction of travel. If no angular rotation is 
detected, the switch sets the traction torque to zero, ensuring that no torque is acting on the stationary wheel. The final contributing torque is the 
brake torque, whose derivation is discussed further in Section 9.2.5.  
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On the right-hand side of the sum in Figure 46 the total torque is divided by the angular 
inertia term, as 𝐽?̈? =  ∑𝑇𝑜𝑟𝑞𝑢𝑒𝑠.  
Integrating this value once outputs the angular wheel velocity ?̇?. This value is fed directly to 
the model output as well as a tag to be used throughout the model. Finally, the angular 
velocity is multiplied with the wheel radius as per Equation 37, outputting the required 
translational wheel velocity for the slip calculation function.  
Derivation of the wheel inertia used in this calculation follows.  
9.2.4.1 Calculating Wheel Inertia 
Each wheel is made up of rubber and steel. The radius of the total wheel is 0.95m, denoted  
𝑅𝑤. The steel centre has a radius of 0.44m and is denoted 𝑅𝑤_𝑠. The width of each wheel is 
0.7m. The rubber and steel densities are estimated to be  𝜌𝑟 = 390
𝑘𝑔
𝑚3
 and 𝜌𝑠 = 8050 𝑘𝑔/𝑚
3  
The inertia terms are evaluated using Equation 38, the inertia formula for a cylindrical body 
rotating about its z axis.  below accompanies Equation 38, demonstrating how the wheel is 
modelled as such a cylinder. 
Equation 38 Cylindrical Moment of Inertia 
 
𝐼𝑧 =
1
2
𝑚𝑟2 
 
Figure 47 Cylinder rotating about its z axis 
 
 
 
 
 
 
  
𝑟 
𝑥 
𝑦 
𝑧 
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The rubber portion of the wheel covers only the external surface, i.e the outer radius minus 
that of the steel. The masses of each portion are calculated separately, with 𝑚1 referring to 
the outer rubber and 𝑚2 the value to subtract i.e the ‘ghost rubber’ covering the steel rim.  
Because in the bicycle model there is only one wheel for each axle, to calculate total mass, 
the masses in each equation are multiplied by 2. The full set of equations used in the inertia 
calculations are shown in Table 8. 
Table 8 Wheel Inertia Calculations 
Mass Equations Inertia Equations 
 
𝑚1 = 2 × 𝜋𝑅𝑤
2 × 𝑤𝑖𝑑𝑡ℎ × 𝜌𝑟 
 
 
 
𝐽𝑤,𝑟𝑢𝑏𝑏𝑒𝑟 =
1
2
𝑚1𝑅𝑤
2 −
1
2
𝑚2𝑅𝑤
2  
 
 
 
𝑚2 = 2 × 𝜋𝑅𝑤𝑠
2 × 𝑤𝑖𝑑𝑡ℎ × 𝜌𝑟 𝐽𝑤,𝑠𝑡𝑒𝑒𝑙 =
1
2
𝑚𝑠𝑡𝑒𝑒𝑙𝑅𝑤_𝑠
2  
𝑚𝑠𝑡𝑒𝑒𝑙 = 2 × 𝜋𝑅𝑤
2 × 𝑤𝑖𝑑𝑡ℎ × 𝜌𝑠 𝐽𝑤 = 𝐽𝑤,𝑟𝑢𝑏𝑏𝑒𝑟 + 𝐽𝑤,𝑠𝑡𝑒𝑒𝑙  
 
𝐽𝑤 =   1329.9  𝑘𝑔𝑚
2 
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9.2.5 Brake Transducer  
Brake torque is an input to the ‘Articulation_Dynamics’ sub-model. As mentioned in the 
previous chapter, it is required in the torque balance. The value for brake torque correlates 
with one of the plant overall inputs - the requested brake. 
The Brake Transducer interprets the input signal as a brake percentage from the operator and 
must convert this signal to a torque loss, to be fed into the dynamic sub model.  The 
relationship to correlate a given percentage of applied brake to a torque loss in newton meters 
was derived purely empirically – from experimental data. 
The data exhibited a linear relationship between the velocity and braking percentage. This is 
demonstrated in Figure 48. The test demonstrated the decrease in velocity with each test from 
1.6m/s ground speed in fourth gear. 
Figure 48 Velocity relationship to percentage applied brake 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The gradient of each curve along its decline is representative of the change in velocity over 
time, also known as the machine deceleration. From each gradient, newtons second law can 
be used to solve for the corresponding force resisting the machines motion.  
  
73 | P a g e  
 
Equation 39 Deceleration from Newton's second law 
𝐹𝐵𝑟𝑎𝑘𝑒 = 𝑚𝑤ℎ𝑒𝑒𝑙 × 𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 
Multiplying this force with the wheel radius gives the brake torque.  
 
Equation 40 Brake Torque 
𝑇𝑏𝑟𝑎𝑘𝑒 = 𝐹𝐹𝑟𝑎𝑘𝑒 ×𝑅𝑤ℎ𝑒𝑒𝑙 
 
Undergoing this process for each percentage allows a relationship to be defined directly 
between torque and applied brake. Figure 49 demonstrates the relationship using the speed 
data from Figure 48. 
Figure 49 Brake torque and applied brake relation when stopping from maximum speed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The curve of best fit takes a parabolic shape, described in Equation 41. 
Equation 41 Torque Loss Relation 
𝑇𝑏𝑟𝑎𝑘𝑒 = 20(𝐵𝑟𝑎𝑘𝑒𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒
2) + 400𝐵𝑟𝑎𝑘𝑒𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 
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This relationship is housed within a Simulink function block, enabling the model to accept 
the driver request as a percentage, and output the corresponding value for torque loss.  
The function accepts the brake percentage and fist determines if the brake level is greater 
than 20%. If less than this threshold, the output torque is zero. If greater than the threshold, 
the result from Equation 41 is output by the function. The brake transducer within the model 
is presented in Figure 50. 
Figure 50 Brake Transducer 
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6.0 Overall AD45B Plant Model 
The following pages present the plant model in its entirety.  
External Layer 
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Sub-model 1, Drivetrain 
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Sub-model 2, Articulation_Dynamics 
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7.0 Results and Discussion 
6.1 Graphs 
This chapter presents plots from a range of data, illustrating the accuracy of the plant. First 
the EOS, groundspeed and Transmission data are presented. Next, the plant with incorporated 
articulation is shown. The third data set demonstrates the plant’s ability to auto shift. The 
fourth section presents the incorporation of braking.  
6.1.1 Fixed Gear, Full Throttle, No Brake, No Articulation Test 
Figure 51 Engine speed comparison. Simulation in first gear, 100% throttle, no brake or 
articulation requested 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52 Ground speed comparison. Simulation in first gear, 100% throttle, no brake or 
articulation requested   
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Figure 53 Transmission speed comparison. Simulation in first gear, 100% throttle, no brake 
or articulation requested 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.1.2 Fixed Gear, 80% Throttle, No Brake and  ±60 Articulation 
 
Figure 54 Angle of articulation comparison. Simulation in first gear, 80% throttle, no brake 
and full left/right articulation 
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Figure 55 Heading comparison. Simulation in first gear, 80% throttle, no brake and full 
left/right articulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56 Journey trajectory. Simulation in first gear, 80% throttle, no brake and full 
left/right articulation 
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6.1.3 Auto Shifting, 50% Throttle, No Brake and ±60 Articulation 
 
Figure 57 Articulation angle comparison. Simulation with auto-shift to third gear. 80% 
throttle, no brake and full left/right articulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58 Gear shifts comparison. Simulation with auto-shift to third gear. 80% throttle, no 
brake and full left/right articulation 
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Figure 59 Full mission trajectory. Simulation with auto-shift to third gear. 80% throttle, no 
brake and full left/right articulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.1.4 Auto-shift, 80% Throttle, 50% Braking and Steering Suite 
Figure 60 Brake impact on ground speed. Simulation with auto-shift, 80% throttle, 50% brake 
and a steering suite 
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6.2 Discussion of Graphs 
In general, the accuracy of the plant output with respect to the physical machine is 
exceptional. 
From the graphs presented, it can be observed that with increasing run time of the simulation, 
a greater drift between the plant response and machine data is observed. This behaviour is 
inherent to numerical integration, which accumulates with time. 
Variation in the experimental data should also be noted. With experiments conducted 
throughout the year, different data collection formats and techniques were trialled, resulting 
in some tests experiencing different lag times and offsets. With this in mind, the lags present 
between the machine and plant model are admissible. 
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6.3 Physical Validation 
The plant model was converted to C++ form and loaded onto the AD45B for testing. At the 
site, a circuit was designed for the platform, to simulate performing a mission in an 
underground mine. The tactical planner was provided with a map of the site, as described in 
the introduction, with a GPS to allow it to identify its own location. This map is presented in 
Figure 61 below. The platform was also equipped with the speed/articulation controller, 
designed independently of this thesis. 
Figure 61 Test mission map 
 
 
 
 
 
 
 
 
 
 
 
The platform was able to successfully navigate the simulated haulage route with full autonomy. 
Figure 62 shows a capture of the test vehicle at the site. 
Figure 62 AD45B photographed during haulage route simulation 
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8.0 Conclusions and Recommendations for Future Work 
8.1 Conclusions 
At the conclusion of the project, a fully functioning plant model has been established. The 
plant has the ability to accept inputs throttle %, service brake %, desired gear and articulation 
rate and accurately simulate the machine response. Variables used to establish how well the 
model performs have been EOS, TOS, groundspeed, gear shifts, heading, articulation and 
overall trajectory.  
The results presented in chapter 7 verify the model’s ability to manage a range of driving 
situations and command combinations. The outputs fed back to the controller, namely 
operating gear, travel direction, ground speed, articulation angle, engine rpm and brake 
torque, are consistently seen to be output with high similarity to the data taken from the 
machine. 
As mentioned in the discussion, with increasing run time of the simulation, a greater drift 
between the plant response and machine data can be observed. This is particularly noticeable 
in the overall trajectory plots. This phenomenon can largely be attributed to accumulation of 
integration error and is deemed acceptable due to the short run time required of the plant (in 
the order of seconds), reducing the magnitude of total error. 
The three objectives for this thesis project were to: 
1. Produce a functional fixed gear, non-articulating transmission model; 
2. Incorporate articulation and machine dynamics; and  
3. Enhance the model to include retarding and gear shifting logic. 
All three of these objectives have been met. 
The true test for the plant was the physical test day, during which the platform was required 
to autonomously navigate a simulated mine environment. The AD45B, equipped with plant, 
speed/articulation controller and journey planner successfully completed its mission with full 
autonomy. The performance during the test is a testament as to the significance of the results., 
demonstrating a contribution and step closer to operational driverless haulage vehicles in 
Australia. 
8.2 Recommendations for future work  
Recommendations for future work can be split into two categories. The first is concerned 
with enhancements to the current model, to achieve higher accuracy. Including the different 
torque converter lock up velocities for the accelerating and decelerating cases could be 
considered. The behaviour of the torque converter to disengage with each shift could also be 
included for the model in future. 
For the second category, the modelling approach created for the AD45B plant design could 
be undergone for other machines, that would reap similar benefits from automation.  
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clear all; 
clc; 
syms t 
syms x0(t) y0(t) theta0(t) phi(t) x0dot(t) y0dot(t) theta0dot(t) phidot(t) 
syms d1 d2 m1 m2 J1 J2 
 q = [x0, y0, theta0, phi]; 
qdot = [x0dot, y0dot, theta0dot, phidot]; 
qdiffs = [diff(x0(t), t), diff(y0(t), t) , diff(theta0(t), t), diff(phi(t), 
t)]; 
%Define COM Locations and Derivatives wrt Time ~ from world frame 
%-----body 1(rear)----- 
x1 = x0 - d1 * cos(theta0- phi); 
x1dot = subs(diff(x1(t), t), qdiffs, qdot); 
y1 = y0 - d1 * sin(theta0-phi); 
y1dot = subs(diff(y1(t), t), qdiffs, qdot); 
theta1 = theta0 - phi ; 
theta1dot = subs(diff(theta1, t), qdiffs, qdot); 
%-----body (front)2----- 
x2 = x0 + d2 * cos(theta0 ); 
x2dot = subs(diff(x2(t), t), qdiffs, qdot); 
y2 = y0 + d2 * sin(theta0); 
y2dot = subs(diff(y2(t), t), qdiffs, qdot); 
theta2 = theta0; 
theta2dot = subs(diff(theta2, t), qdiffs, qdot); 
  
%Use above components to find C.O.M Velocity eqs. 
V1squared =factor(collect(simplify(expand(x1dot^2 + y1dot^2)))); 
V2squared = factor(collect(simplify(expand(x2dot^2 + y2dot^2)))); 
  
% Lagrangian (i.e Kinetic Energy Equations) 
L1 = 0.5 * m1 * V1squared + 0.5 * J1 * theta1dot^2; 
L2 = 0.5 * m2 * V2squared + 0.5 * J2 * theta0dot^2; 
L = L1 + L2; 
 
Appendix 
A.1  Determining the Lagrangian in Matlab 
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A.2 EOM Functional Simulink Block   
function [xddot, yddot, thetaddot]= 
fcn(Flat1,Flong1,Flat2,Flong2,x,y,theta,phi,xdot, ydot, thetadot, phidot) 
m1=0.31*40000; 
m2=0.69*40000; 
d1=2.78; 
d2=2.82; 
L1=3.65; 
L2=1.92; 
J1 =261.03e3; 
J2 =321.23e3; 
%--organise angles 
theta2 = theta; 
theta1 = theta2 - phi; 
theta2dot = thetadot; 
theta1dot = theta2dot - phidot; 
%Convert to x y frame... 
Fx1= Flong2*cos(theta2) - Flat2*sin(theta2) ; %on body 2 
Fx3= Flong1*cos(theta1) - Flat1*sin(theta1) ;  %on body 1 
Fy1= Flong2*sin(theta2) + Flat2*cos(theta2) ; %on body 2; 
Fy3= Flong1*sin(theta1) + Flat2*cos(theta1) ;  %on body 1 
%Build Matrices 
theta0_ = theta2; 
phi_=phi; 
theta0dot_=theta2dot; 
phidot_=phidot; 
M = ... 
[[m1 + m2,0, - d2*m2*sin(theta0_) - d1*m1*sin(phi_ - theta0_), d1*m1*sin(phi_ - 
theta0_)] 
[0,m1 + m2,d2*m2*cos(theta0_) - d1*m1*cos(phi_ - theta0_), d1*m1*cos(phi_ - 
theta0_)] 
[ - d2*m2*sin(theta0_) - d1*m1*sin(phi_ - theta0_), d2*m2*cos(theta0_) - 
d1*m1*cos(phi_ - theta0_),m1*d1^2 + m2*d2^2 + J1 + J2,- m1*d1^2 - J1] 
[d1*m1*sin(phi_ - theta0_),d1*m1*cos(phi_ - theta0_),- m1*d1^2 - J1,m1*d1^2 + 
J1]]; 
  
b =... 
    [ - d1*m1*cos(phi_ - theta0_)*phidot_^2 + 2*d1*m1*cos(phi_ - 
theta0_)*phidot_*theta0dot_ + (d2*m2*cos(theta0_) - d1*m1*cos(phi_ - 
theta0_))*theta0dot_^2 + Fx1 + Fx3 
   d1*m1*sin(phi_ - theta0_)*phidot_^2 - 2*d1*m1*sin(phi_ - 
theta0_)*phidot_*theta0dot_ + (d2*m2*sin(theta0_) + d1*m1*sin(phi_ - 
theta0_))*theta0dot_^2 + Fy1 + Fy3 
                                                                
Fy1*L2*cos(theta0_) - Fx3*L1*sin(phi_ - theta0_) - Fx1*L2*sin(theta0_) - 
Fy3*L1*cos(phi_ - theta0_) 
                                                                                                            
Fx3*L1*sin(phi_ - theta0_) + Fy3*L1*cos(phi_ - theta0_)];                                                                                                    
%solve for qddot... and put back into sim.  
export = inv(M)*b; 
xddot = export(1,1); 
yddot = export(2,1); 
thetaddot = export(3,1); 
phi_ddot = export(4,1); 
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A.3 Rear Axle Slips 
 
A.4 Front Axle Slips 
 
  
function [slipLong, slipLat, slipAngle]= fcn(VLong, VLat, Vtyre,... 
    lateralVelocityTolerance, velocityNormTolerance, wheelVelocityDifferenceTolerance) 
  
V = [VLong;VLat]; 
  
  
slipAngle = atan2(VLat, VLong); 
  
if abs(Vtyre) < 1 && abs(VLong) < 1 
    slipLong = (Vtyre - VLong); 
elseif abs(Vtyre - VLong) < wheelVelocityDifferenceTolerance 
    slipLong = 0; 
else 
    slipLong = (Vtyre - VLong)/max([abs(Vtyre), abs(VLong)]); 
end 
  
if norm(V) < velocityNormTolerance || abs(VLat) < lateralVelocityTolerance 
    slipLat = 0; 
elseif VLong >=0  
    slipLat = -tan(slipAngle); 
else 
    slipLat = tan(slipAngle); 
end 
  
 
function [slipLong, slipLat, slipAngle]= fcn(VLong, VLat, Vtyre, ... 
    lateralVelocityTolerance, velocityNormTolerance, wheelVelocityDifferenceTolerance) 
  
V = [VLong;VLat]; 
  
  
slipAngle = atan2(VLat, VLong); 
if abs(Vtyre) < 1 && abs(VLong) < 1 
    slipLong = (Vtyre - VLong); 
elseif abs(Vtyre - VLong) < wheelVelocityDifferenceTolerance 
    slipLong = 0; 
else 
    
    slipLong = (Vtyre - VLong)/max([abs(Vtyre), abs(VLong)]); 
end 
  
if norm(V) < velocityNormTolerance || abs(VLat) < lateralVelocityTolerance 
    slipLat = 0; 
elseif VLong >=0  
    slipLat = -tan(slipAngle); 
else 
    slipLat = tan(slipAngle); 
end 
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A.5   Axle1 Forces 
  
function [FLong, FLat] = fcn(slipLong, slipLat, Fz, mu, Cx0, minForceTolerance,  
minSlipTolerance) 
  
  
slidingSlip = 3 * mu/Cx0; 
sigmaLong = slipLong; 
sigmaLat = slipLat; 
sigmaTotal = norm([sigmaLong, sigmaLat]); 
sigmaSliding = slidingSlip; 
if sigmaTotal <  minSlipTolerance 
    FLong = 0; 
    FLat = 0; 
elseif sigmaTotal > sigmaSliding 
     
    F = mu * Fz; 
    FLong = sigmaLong/sigmaTotal * F; 
    FLat = sigmaLat/sigmaTotal * F; 
     
    
     
else 
    
    F = mu * Fz * (3 * sigmaTotal/sigmaSliding... 
        - 3 * (sigmaTotal/sigmaSliding)^2 + (sigmaTotal/sigmaSliding)^3); 
    FLong = sigmaLong/sigmaTotal * F; 
    FLat = sigmaLat/sigmaTotal * F; 
     
     
end 
  
if abs(FLong)/Fz < minForceTolerance 
    FLong = 0; 
end 
  
if abs(FLat)/Fz < minForceTolerance% || abs(sigmaLat) < minSlipTolerance 
    FLat = 0; 
end 
end 
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A.6 Axle2 Forces 
 
 
 
 
 
 
 
function [FLong, FLat] = fcn(slipLong, slipLat, Fz, mu, Cx0, minForceTolerance, 
minSlipTolerance) 
  
  
slidingSlip = 3 * mu/Cx0; 
sigmaLong = slipLong; 
sigmaLat = slipLat; 
sigmaTotal = norm([sigmaLong, sigmaLat]); 
sigmaSliding = slidingSlip; 
  
if sigmaTotal < minSlipTolerance 
    FLong = 0; 
    FLat = 0; 
elseif sigmaTotal > sigmaSliding 
     
    F = mu * Fz; 
    FLong = sigmaLong/sigmaTotal * F; 
    FLat = sigmaLat/sigmaTotal * F; 
     
     
else 
    
    F = mu * Fz * (3 * sigmaTotal/sigmaSliding... 
        - 3 * (sigmaTotal/sigmaSliding)^2 + (sigmaTotal/sigmaSliding)^3); 
    FLong = sigmaLong/sigmaTotal * F; 
    FLat = sigmaLat/sigmaTotal * F; 
     
end 
if abs(FLong)/Fz < minForceTolerance 
    FLong = 0; 
end 
  
if abs(FLat)/Fz < minForceTolerance% || abs(sigmaLat) < minSlipTolerance  
    FLat = 0; 
end 
end 
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A.7  V Lat-Long Matlab Function 
function [Vlat1,Vlong1,Vlat2,Vlong2]= 
fcn(x,y,theta,xdot,ydot,thetadot,phidot,phi) 
%-----constants 
L1 = 3.65; 
L2 = 1.92 
m1 = 0.31*40000;%mass of rear 
m2 = 0.69*40000;%mass of front 
%---organise theta values 
theta2= theta; 
theta1= theta2-phi; 
theta2dot = thetadot; 
theta1dot = theta2dot - phidot; 
%-----body 1(rear)----- 
x1 = x - L1 * cos(theta1); 
x1dot =xdot +L1*sin(theta1)*theta1dot; 
y1 = y - L1 * sin(theta1); 
y1dot = ydot-L1*cos(theta1)*theta1dot; 
Vlat1 = -x1*sin(theta1)+y1*cos(theta1); 
Vlong1 = x1*cos(theta1)+y1*sin(theta1); 
%-----body (front)2----- 
x2 = x + L2 * cos(theta2); 
x2dot = xdot -L2*sin(theta2)*theta2dot; 
y2 = y + L2 * sin(theta2); 
y2dot = ydot+L2*cos(theta2)*theta2dot; 
Vlat2 = -x2*sin(theta2)+y2*cos(theta2); 
Vlong2 = x2*cos(theta2)+y2*sin(theta2); 
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A.8 Gear Select Matlab Function  
 
function [gear, delay] = fcn(actualGear, desiredGear, transmissionSpeed, brakeOn, 
groundSpeed, shiftDelay, shiftDelay_tc) 
gear = actualGear; 
delay = shiftDelay; 
if int16(actualGear) == 0 
        if desiredGear > 0 && groundSpeed > -1 
            gear = 1; 
            delay = shiftDelay_tc; 
        elseif desiredGear < 0 && groundSpeed < 1 
            gear = desiredGear; 
        end 
elseif int16(actualGear) == 1 
        if brakeOn  
            upshiftTos = 485; 
        else 
            upshiftTos = 447; 
        end 
         
        if desiredGear > 1 && transmissionSpeed > upshiftTos 
            gear = 2; 
        elseif desiredGear < 1 
            gear = 0; 
        end         
elseif int16(actualGear) == 2 
        if brakeOn  
            upshiftTos = 665; 
            downshiftTos = 446; 
        else 
            upshiftTos = 612; 
            downshiftTos = 393; 
        end 
         
        if desiredGear > 2 && transmissionSpeed > upshiftTos 
            gear = 3; 
        elseif transmissionSpeed < downshiftTos 
            gear = 1; 
        end         
elseif int16(actualGear) == 3 
        if brakeOn 
            upshiftTos = 896; 
            downshiftTos = 610; 
        else 
            upshiftTos = 826; 
            downshiftTos = 539; 
        end 
         
        if desiredGear > 3 && transmissionSpeed > upshiftTos 
            gear = 4; 
        elseif transmissionSpeed < downshiftTos 
            gear = 2; 
        end         
elseif int16(actualGear) == 4 
         
        if brakeOn 
            downshiftTos = 822; 
        else 
            downshiftTos = 727; 
        end 
         
        if transmissionSpeed < downshiftTos 
            gear = 3;  
        end 
elseif int16(actualGear) == -1 
        gear = min([1, desiredGear]); 
elseif int16(actualGear) == -2 
        gear = min([1, desiredGear]); 
else 
        gear = actualGear; 
        disp('Error in gear shift block') 
  
end 
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A.9 Articulation Manager Matlab Function 
 
function artic_rate = artic(Gear, Steer, Throttle) 
    lookupLeft1_gear_R1 = [... 
        0, 0.350, 2.150, 3.849, 5.599, 8.323, 10.42 
        0, 0.400, 2.025, 3.925, 5.950, 8.650, 14.25 
        0, 0.250, 2.200, 4.000, 6.251, 8.974, 17.75 
        0, 0.525, 2.050, 3.901, 6.075, 8.625, 21.60 
        0, 0.450, 2.325, 4.150, 6.252, 9.575, 25.00 
    ]; 
  
    lookupRight1_gear_R1 = [... 
        0,-0.975,-2.850,-4.875,-7.051,-9.900,-10.80 
        0,-0.825,-2.750,-5.025,-7.200,-10.85,-14.15 
        0,-0.759,-3.000,-5.150,-7.501,-11.30,-17.80 
        0,-1.050,-2.650,-4.650,-7.076,-11.20,-21.60 
        0,-0.750,-3.000,-5.250,-7.851,-11.32,-24.64 
    ]; 
  
    lookupRight2_gear_R1 = [... 
        0,-0.975,-3.050,-5.000,-6.201,-10.00,-10.65 
        0,-1.250,-2.875,-5.274,-7.500,-11.25,-14.30 
        0,-1.050,-3.000,-5.234,-7.599,-11.98,-18.00 
        0,-1.225,-2.975,-4.926,-7.575,-11.65,-21.85 
        0,-1.375,-3.050,-5.725,-8.201,-12.10,-24.50 
    ]; 
  
    lookupLeft2_gear_R1 = [... 
        0, 0.425, 1.850, 3.749, 5.750, 8.374, 10.45 
        0, 0.499, 1.899, 3.850, 5.851, 8.549, 14.32 
        0, 0.575, 1.825, 3.824, 6.074, 9.350, 17.63 
        0, 0.500, 1.950, 3.501, 5.974, 9.299, 21.30 
        0, 0.500, 2.250, 4.000, 6.398, 10.62, 24.50 
    ]; 
 
    lookupLeft1_gear_R2 = [... 
        0, 0.350, 2.200, 3.724, 5.975, 7.573, 10.80 
        0, 0.300, 2.075, 3.900, 5.925, 8.498, 14.50 
        0, 0.550, 2.125, 4.000, 6.201, 8.749, 17.73 
        0, 0.375, 2.275, 4.300, 6.475, 8.850, 21.48 
        0, 0.550, 1.975, 4.000, 6.199, 9.174, 24.55 
  
    ]; 
  
    lookupRight1_gear_R2 = [... 
        0,-0.900,-2.675,-4.901,-6.924,-10.05,-10.70 
        0,-1.100,-2.850,-4.800,-7.074,-10.65,-14.78 
        0,-0.725,-2.850,-5.375,-7.573,-10.95,-18.35 
        0,-0.775,-3.000,-5.426,-7.325,-10.98,-21.40 
        0,-1.125,-2.600,-5.000,-6.925,-11.53,-24.30 
    ]; 
  
    lookupRight2_gear_R2 = [... 
        0,-1.000,-2.925,-5.049,-7.050,-10.00,-10.23 
        0,-1.075,-2.825,-5.000,-7.201,-11.05,-14.40 
        0,-1.000,-2.950,-5.500,-7.551,-11.50,-17.55 
        0,-1.000,-3.000,-5.650,-8.077,-11.80,-21.35 
        0,-1.250,-2.950,-5.200,-7.450,-11.70,-25.47 
    ]; 
  
    lookupLeft2_gear_R2 = [... 
        0, 0.550, 1.975, 3.700, 5.500, 8.424, 11.10 
        0, 0.400, 2.000, 3.600, 6.000, 8.577, 14.83 
        0, 0.450, 1.825, 4.049, 6.150, 9.225, 17.50 
        0, 0.375, 2.025, 4.126, 6.450, 9.699, 21.80 
        0, 0.625, 2.249, 3.751, 6.400, 9.676, 24.00 
    ]; 
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lookupLeft1_gear3 = [... 
        0, 0.250, 2.475, 4.225, 6.774, 12.45, 17.92 
        0, 0.425, 2.225, 4.676, 6.901, 11.23, 21.95 
        0, 0.425, 2.000, 4.025, 6.676, 9.900, 25.37 
        ]; 
  
    lookupRight1_gear3 = [... 
        0,-0.800,-3.974,-5.998,-9.099,-17.18,-18.75 
        0,-1.000,-3.335,-6.150,-8.799,-13.73,-21.65 
        0,-1.075,-3.025,-5.650,-7.749,-12.20,-24.31 
        ]; 
  
    lookupRight2_gear3 = [... 
        0,-1.350,-3.925,-6.499,-9.449,-17.95,-18.40 
        0,-1.050,-3.701,-6.600,-9.274,-14.35,-22.58 
        0,-1.175,-3.275,-5.900,-8.399,-12.80,-24.85 
        ]; 
  
    lookupLeft2_gear3 = [... 
        0, 0.450, 2.000, 4.997, 7.200, 13.43, 18.05 
        0, 0.450, 2.400, 4.600, 6.977, 11.92, 21.80 
        0, 0.400, 2.150, 4.249, 6.826, 9.950, 24.13 
        ]; 
  
    lookupLeft1_gear4 = [... 
        0, 0.525, 1.825, 4.100, 6.275, 8.525, 17.60 
        0, 0.350, 2.075, 4.575, 6.725, 9.250, 21.97 
        0, 0.500, 2.175, 4.250, 6.250, 8.749, 25.23 
        ]; 
  
    lookupRight1_gear4 = [... 
        0,-0.875,-3.224,-5.849,-7.275,-11.50,-18.00 
        0,-0.875,-3.275,-5.950,-7.899,-11.07,-21.67 
        0,-1.150,-2.850,-5.276,-7.251,-11.20,-24.27 
        ]; 
  
    lookupRight2_gear4 = [... 
        0,-1.125,-3.575,-5.650,-7.500,-12.25,-18.26 
        0,-0.950,-3.225,-5.825,-7.976,-11.95,-22.1 
        0,-1.575,-3.125,-5.475,-7.498,-12.25,-25.57 
        ]; 
  
    lookupLeft2_gear4 = [... 
        0, 0.375, 2.300, 3.926, 5.998, 8.750, 18.40 
        0, 0.400, 2.050, 3.949, 6.425, 9.425, 21.32 
        0, 0.675, 2.175, 3.825, 6.525, 9.124, 23.95 
        ]; 
 
 
    avLeft_gear1 = 0.5*(lookupLeft1_gear1+lookupLeft2_gear1); 
    avRight_gear1 = 0.5*(lookupRight1_gear1+lookupRight2_gear1); 
    avLeft_gear2 = 0.5*(lookupLeft1_gear2+lookupLeft2_gear2); 
    avRight_gear2 = 0.5*(lookupRight1_gear2+lookupRight2_gear2); 
    avLeft_gear3 = 0.5*(lookupLeft1_gear3+lookupLeft2_gear3); 
    avRight_gear3 = 0.5*(lookupRight1_gear3+lookupRight2_gear3); 
    avLeft_gear4 = 0.5*(lookupLeft1_gear4+lookupLeft2_gear4); 
    avRight_gear4 = 0.5*(lookupRight1_gear4+lookupRight2_gear4); 
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r = [-60, -55, -50,-45, -40,-35, -30,30, 35, 40, 45,50, 55,60]; 
    [valr,idxr]=min(abs(r-Steer)); 
  
    if Gear < 0 
         reverseRates = [avRight_R(:,end:-1:1),avLeft_R]'; 
         th = [20, 40, 60, 80, 100];  
         [valt,idxt]=min(abs(th -Throttle));    
         lookup = reverseRates 
         artic_rate = lookup(idxr,idxt)* pi/180; 
  
    elseif Gear ==1  
         forwardsRates = [avRight_gear1(:,end:-1:1),avLeft_gear1]'; 
         [m,n]=size(forwardsRates); 
         th = [20, 40, 60, 80, 100];  
         [valt,idxt]=min(abs(th -Throttle)); 
         lookup =[forwardsRates(1,:); forwardsRates(2,:);forwardsRates(3,:); 
forwardsRates(4,:); 
forwardsRates(5,:);forwardsRates(6,:);forwardsRates(7,:);forwardsRates(8,:);forwardsRate
s(9,:); 
forwardsRates(10,:);forwardsRates(11,:);forwardsRates(12,:);forwardsRates(13,:);forwards
Rates(14,:)]; 
         artic_rate = lookup(idxr,idxt)* pi/180; 
    elseif Gear ==2 
        forwardsRates = [avRight_gear2(:,end:-1:1),avLeft_gear2]'; 
        [m,n]=size(forwardsRates); 
        th = [60, 80, 100];  
        [valt,idxt]=min(abs(th -Throttle)); 
        lookup =[forwardsRates(1,:); forwardsRates(2,:);forwardsRates(3,:); 
forwardsRates(4,:); 
forwardsRates(5,:);forwardsRates(6,:);forwardsRates(7,:);forwardsRates(8,:);forwardsRate
s(9,:); 
forwardsRates(10,:);forwardsRates(11,:);forwardsRates(12,:);forwardsRates(13,:);forwards
Rates(14,:)]; 
        artic_rate = lookup(idxr,idxt)* pi/180; 
    elseif Gear ==3  
        forwardsRates = [avRight_gear3(:,end:-1:1),avLeft_gear3]'; 
        [m,n]=size(forwardsRates); 
        th = [60, 80, 100];  
        [valt,idxt]=min(abs(th -Throttle)); 
        lookup =[forwardsRates(1,:); forwardsRates(2,:);forwardsRates(3,:); 
forwardsRates(4,:); 
forwardsRates(5,:);forwardsRates(6,:);forwardsRates(7,:);forwardsRates(8,:);forwardsRate
s(9,:); 
forwardsRates(10,:);forwardsRates(11,:);forwardsRates(12,:);forwardsRates(13,:);forwards
Rates(14,:)]; 
        artic_rate = lookup(idxr,idxt)* pi/180; 
    else 
        forwardsRates = [avRight_gear4(:,end:-1:1),avLeft_gear4]'; 
        [m,n]=size(forwardsRates); 
        th = [60, 80, 100];  
        [valt,idxt]=min(abs(th -Throttle));  
        lookup =[forwardsRates(1,:); forwardsRates(2,:);forwardsRates(3,:); 
forwardsRates(4,:); 
forwardsRates(5,:);forwardsRates(6,:);forwardsRates(7,:);forwardsRates(8,:);forwardsRate
s(9,:); 
forwardsRates(10,:);forwardsRates(11,:);forwardsRates(12,:);forwardsRates(13,:);forwards
Rates(14,:)]; 
        artic_rate = lookup(idxr,idxt)* pi/180; 
    end 
  
end 
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A.10 Artic Rate Model1 Matlab Function 
A.11 Torque Converter Matlab Function 
 
 
  
function [artic_rate_actual, useShortDelay, newZeroDuration] = fcn(artic_rate_desired, 
artic_angle, zeroDuration, phi_upper, phi_lower, articShortDelay, sampleTime) 
if artic_angle >= phi_upper && artic_rate_desired > 0 
    artic_rate_actual = 0; 
    useShortDelay = 0; 
elseif artic_angle <= phi_lower && artic_rate_desired <0 
    artic_rate_actual = 0; 
    useShortDelay = 0; 
elseif zeroDuration < articShortDelay 
    artic_rate_actual = artic_rate_desired; 
    useShortDelay = 1; 
else 
    artic_rate_actual = artic_rate_desired; 
    useShortDelay = 0; 
end 
  
if abs(artic_rate_actual) < 1e-3 && zeroDuration < articShortDelay 
    newZeroDuration = zeroDuration + sampleTime; 
elseif abs(artic_rate_actual) > 1e-3 && zeroDuration >= sampleTime 
    newZeroDuration = zeroDuration - sampleTime; 
else 
    newZeroDuration = zeroDuration; 
end 
 
function EOS  = fcn(TIS,groundSpeed, Gact) 
  
if abs(groundSpeed) >= 1.29 && Gact>0 
    EOS = TIS; 
else 
    EOS = (1.29)*TIS/groundSpeed; 
end 
end 
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A.12 Run the Sim – Master Script 
%Labels and import columns for this plant are designed to be run from the 
%week 5 data folder.  
clear all; 
close all; 
clc; 
clf; 
set(0,'defaulttextinterpreter','latex'); 
global d1 d2  w1 w2 L1 L2 m1 m2 J1 J2 mw Rw mu slidingSlip Jw g Cr A p Cd Cx0 bw 
global Frear Ffront bodyLength1 bodyLength2 
global wheelVelocityDifferenceTolerance velocityNormTolerance lateralVelocityTolerance 
global minSlipTolerance minForceTolerance 
global includeFLongTorqueTolerance minWheelAccelerationTolerance 
  
d1 = 3; d2 = 3.2; 
w1 = 3; w2 = 3;  
L1 = 3.65; L2 = 1.92;  
m1 = 12400; m2 = 27600; 
  
bodyLength1 = 5.5560; 
bodyLength2 = 5.638; 
  
% calculate inertia of rear body 
a = bodyLength1 - d1; 
b = w1; 
mblock = m1 * d1/bodyLength1; 
  
J11 = 1/12.0 * mblock * (a^2 + b^2) + mblock * (a/2.0)^2; 
  
a = d1; 
b = w1; 
mblock =  m1 * (bodyLength1 - d1)/bodyLength1; 
J12 = 1/12.0 * mblock * (a^2 + b^2) + mblock * (a/2.0)^2; 
J1 = J11 + J12; 
  
% calculate inertia of the front body 
a = bodyLength2 - d2; 
b = w2; 
mblock = m2 * d2/bodyLength2; 
  
J21 = 1/12.0 * mblock * (a^2 + b^2) + mblock * (a/2.0)^2; 
  
a = d2; 
b = w2; 
mblock =  m2 * (bodyLength2 - d2)/bodyLength2; 
J22 = 1/12.0 * mblock * (a^2 + b^2) + mblock * (a/2.0)^2; 
J2 = J21 + J22; 
  
  
Rw = 0.95;%0.97; 
Rw_steel = 0.44; 
wheel_width = 0.7; 
  
steel_density = 8050; %kg/m^3 
m_steel = 2 * pi * Rw_steel^2 * wheel_width * steel_density; 
Jw_steel = 0.5 * m_steel * Rw_steel^2; 
  
rubber_density = 390;% kg/m^3 
m_rubber1 = 2 * Rw^2 * pi * wheel_width * rubber_density; 
m_rubber2 = 2 * Rw_steel^2 * pi * wheel_width * rubber_density; 
Jw_rubber = 0.5 * m_rubber1 * Rw^2 - 0.5 * m_rubber2 * Rw_steel^2; 
Jw = 1390.65063280633;% 
Jw = Jw_rubber + Jw_steel; %0.5 * mw * Rw^2; 
mw = m_rubber1 - m_rubber2 + m_steel; 
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bw = 0; 
mu = 1.2;%1; 
% Normalized tyre stiffness on dry track Cx0 = Cx/Fz 
% where Cx is the actual tyre stiffness for a given Fz  
Cx0 = 37.2; % Normalized tyre stiffness on dry track 
slidingSlip = 3 * mu/Cx0; 
g = 9.81; 
Cr = 0.045;%0.0022;%0.015;%0.05; 
p = 1.292; 
Cd = 1.05; 
A = 2.738 * 3; 
  
%Frear = (m1 * g * (d1 + L2) + m2 * g * (L2 - d2))/(L1 + L2); 
%Ffront = (m1 + m2) * g - Frear; 
% Use weight distribution from AD45B datasheet. COG and weight distribution 
% to axles could be independent depending on the structural design. 
Frear = 0.31 * (m1 + m2) * g; 
Ffront = 0.69 * (m1 + m2) * g; 
 
% The following numerical tolerances need to change if integration steps 
% are changed. These numerical tolerances simply prevent oscillatory 
% behaviour due to the discretization of the dynamics. 
% Another way to cope with this is to use a stiff solver which may allows 
% us to integrate using larger timesteps and larger tolerances. 
  
minSlipTolerance =1e-4; %1e-3;%5e-4;%1e-4; 
%minForceTolerance = 1e-4 * (m1 + m2) * g; 
minForceTolerance = 1e-6;%1e-3; % * (m1 + m2) * g; 
  
velocityNormTolerance = 1e-4; %1e-2; 
lateralVelocityTolerance = 1e-4;%1e-2; 
wheelVelocityDifferenceTolerance = 1e-6;%1e-3;%1e-4; 
  
psidot_threshold = 0.05; 
  
fuel_kp = 0.007;    %0.02;%0.00002;%0.05;%0.04;%0.035;%0.015;%0.015;%0.02;%0.015;%0.01;%0.025 
fuel_ki = 
0.01;     %0.001;%0.00055;%0.025;%0.02;%0.01;%0.005;%0.012;%0.012;%0.005;%0.005;%0.03;%0.005;%0.
01; 
fuel_kp2 = 0.00001; %0;%0.000001; 
  
eosErrorIntegral_max = inf; 
eosErrorIntegral_min = -inf; 
  
articRateYawRateFactor = 0.8; 
articRateYawRateGain = 20; 
 
%phi_upper = 39/180 * pi; 
phi_upper = 0.6929; 
phi_lower = -40.8/180 * pi; 
  
  
brakeLowerBound = 20; 
brakeUpperBound = 100; 
brakeCoefficient = 400; 
brakeSquareCoefficient = 20; 
throttleDelay = 0.5; 
 
gearInputDelay = 0.25; 
shiftDelay = 0.25; 
shiftDelay_tc = 0.5; 
brakeDelay = 0.5;%0.3; 
articDelay = 0.5; 
articShortDelay = 0.37; 
articLongDelay = 0.48; 
  
global simStepSize 
simStepSize = 1e-3; 
sampleTime = simStepSize; 
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speedPowerTorque = [... 
    700       0 2283 
    1000    266 2538 
    1100    302 2623 
    1200    337 2685 
    1250    355 2712 
    1300    372 2730 
    1350    383 2711 
    1400    392 2673 
    1500    405 2579 
    1600    415 2475 
    1700    420 2362 
    1800    424 2249 
    1900    419 2106 
    2000    414 1974 
    2050    399 1860 
    2100    384 1746 
    2200    345 1499 
    2300    182 756 
    2330    134 550]; 
  
%go to folder 
%USE SINEWAVE ALI 
cd  SineWave %AltSlow %SineWaveIntoTurn  %AltSlowNoMiddle %Ramp  
  
%------------ READ EXCEL DATA SHEETS-------------- 
%use c and d astimes to plot from and to  
c=0; %TIME YOU WANT TO START THE SIM 
d=50; % time to end 
  
%----------------------MACHINEDATA--- 
data = readtable('MachineDataMessage.csv'); 
time_data = data(:,1); 
time_data = table2array(time_data); 
time_data = time_data - time_data(1); 
start_machine = find(time_data >c,1); 
end_machine = find(time_data > d,1); 
time_data = time_data(start_machine:end_machine)-c; 
ground_speed= data(start_machine:end_machine,14); 
engine_speed= data(start_machine:end_machine,10); 
artic_angle= data(start_machine:end_machine,17); %this is already in degrees 
machine_gear = data(start_machine:end_machine,12) 
  
%convert to array 
ground_speed = table2array(ground_speed); 
engine_speed = table2array(engine_speed); 
artic_angle = table2array(artic_angle); 
gears = table2array(machine_gear); 
gear_data = ones(size(gears));  %build new ; 
  
for i = 1:(size(machine_gear)-1) 
    if isequal(gears(i) ,{'Neutral'}) 
        gear_data(i) =0; 
    end 
    if isequal(gears(i) ,{'Forward1'}) 
        gear_data(i) =1; 
    end 
    if isequal(gears(i) ,{'Forward2'}) 
        gear_data(i) =2; 
    end 
    if isequal(gears(i) ,{'Forward3'}) 
        gear_data(i) =3; 
    end 
    if isequal(gears(i) ,{'Forward4'}) 
        gear_data(i) =4; 
    end 
    if isequal(gears(i) ,{'Forward5'}) 
        gear_data(i) =5; 
    end 
end 
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artic_rate = ones(size(artic_angle)); 
last = (length(artic_angle)-1); 
for i = 1:(length(artic_angle)) 
    if i <= last 
        dt = time_data(i+1)-time_data(i); 
        artic_rate(i)=(artic_angle(i+1)-artic_angle(i))/dt; 
    end 
  
    if i== last 
         
        dt = time_data(i)-time_data(i-1); 
        artic_rate(i)=(artic_angle(i)-artic_angle(i-1))/dt; 
    end 
  
end 
%----------------------CONTROL DATA--- 
%time is special case, need to extract it first 
control = readtable('IecmControlMessage.csv'); 
  
time_control = control(:,1); 
control_time = table2array(time_control); 
tc0 = control_time(1,1); 
tc0_control = ones(size(time_control))*tc0; 
time_control = control_time - tc0_control; 
  
start_index = find(time_control > c,1); 
end_index = find(time_control > d,1); 
time_control = time_control(start_index:end_index)-c; 
  
brake_control= control(start_index:end_index,10); 
artic_control = control(start_index:end_index,11); 
gear_control= control(start_index:end_index,8); 
throttle_control= control(start_index:end_index,9); 
  
%convert to array 
brake_control = table2array(brake_control); 
artic_control = table2array(artic_control); 
gear = table2array(gear_control); %existing,  text 
gear_control = ones(size(gear));  %build new, numeric 
 %find step up, step down times and gear 
for i = 1:(size(gear_control)-1) 
    if isequal(gear(i) ,{'Neutral'}) 
        gear_control(i) =0; 
    end 
    if isequal(gear(i) ,{'AutoForward1'}) 
        gear_control(i) =1; 
    end 
    if isequal(gear(i) ,{'AutoForward2'}) 
        gear_control(i) =2; 
    end 
    if isequal(gear(i) ,{'AutoForward3'}) 
        gear_control(i) =3; 
    end 
    if isequal(gear(i) ,{'AutoForward4'}) 
        gear_control(i) =4; 
    end 
    if isequal(gear(i) ,{'AutoForward5'}) 
        gear_control(i) =5; 
    end 
end 
throttle_control = table2array(throttle_control); 
 
%------------------POSE DATA--- 
pose = readtable('VehiclePoseMessage.csv'); 
t_pose = pose(:,1); 
t_pose = table2array(t_pose); 
t_pose = t_pose-t_pose(1); 
 
start_pose = find(t_pose >c,1); 
end_pose = find(t_pose > d,1); 
t_pose = t_pose(start_pose:end_pose)-c; 
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x_pose= pose(:,7); 
x_pose = table2array(x_pose); 
y_pose= pose(:,8); 
y_pose = table2array(y_pose); 
artic_pose = pose(:,13); %value in spreadsheet is in radians 
artic_pose = table2array(artic_pose)*180/pi;%make degrees 
yaw = pose(:,12); %radians 
yaw = table2array(yaw)*180/pi; 
%start at origin to match sim 
x_pose = x_pose(start_pose:end_pose); 
y_pose = y_pose(start_pose:end_pose); 
yaw = yaw(start_pose:end_pose); 
  
%--------- INITIAL CONDITIONS---------------- 
theta0dot = 0; 
psi1dot = 1.5/Rw; %important to get this right 
psi2dot = psi1dot; 
x0 = x_pose(1); 
y0 = y_pose(1); 
theta0 = yaw(1)*pi/180; % 258.3*pi/180 %4.5517% + 2.7*pi/180; 
x0dot = ground_speed(1)*cos(theta0); %might need to be abs 
y0dot = ground_speed(1)*sin(theta0); 
phi0 =-0.1*pi/180;  %get this off the graph, use radians 
gear_initial = gear_data(1) 
 
% % to workspace 
brake_command = horzcat(time_control,brake_control);  
artic_command = horzcat(time_control,artic_control); 
gear_command = horzcat(time_control,gear_control); 
throttle_command = horzcat(time_control,throttle_control); 
  
  
%RUN SIMULINK  
cd .. 
tEnd = d-c; 
sim('AlisTruck_artic_lookup', tEnd); % CHANGE THIS BACK IF MONGED DONT PANIC 
% sim('modelTester') 
  
%----------PLOTS--------- 
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%---------------ground speed---------------- 
figure() 
subplot(2,2,1) 
hold on; 
grid on; 
box on; 
plot(sim_time.data,groundSpeed_sim.data,'-b','linewidth',2); 
plot(time_data,ground_speed, 'm', 'LineWidth', 2); 
ylabel('VmachineData'); xlabel('[m/s]'); 
ylabel('V Sim m/s '); 
xlabel('time'); 
legend('sim','data'); 
%---------------x and y---------------- 
subplot(2,2,2) 
hold on; 
grid on; 
box on; 
plot(x_pos.data,y_pos.data,'-b','linewidth',2) 
plot(x_pose, y_pose,'-m','linewidth',2); 
xlabel('x'); 
ylabel('y'); 
legend('sim','data'); 
%---------------Engine Speed---------------- 
subplot(2,2,3) 
hold on; 
grid on; 
box on; 
plot(sim_time.data,responseSimulated(:,5),'-b','linewidth',2); 
plot(time_data, engine_speed,'-m','linewidth',2); 
xlabel('time (s)'); 
ylabel('engine speed (rpm)'); 
legend('sim','data'); 
%---------------Artic Angle---------------- 
subplot(2,2,4) 
hold on; 
grid on; 
box on; 
plot(sim_time.data,(simulatedTrajectory_simulink.data(:,4))*(180/pi),'-b','linewidth',2) 
plot(time_data, artic_angle,'-m','linewidth',2); 
xlabel('time(s)'); 
ylabel('artic angle (deg)'); 
legend('sim','data'); 
% suptitle('Throttle 100%, Steering +/- 60') 
%---------------Heading---------------- 
figure() 
subplot(2,1,1) 
hold on; 
grid on; 
box on; 
plot(sim_time.data,(simulatedTrajectory_simulink.data(:,3))*(180/pi),'-m','linewidth',2); 
plot(t_pose, yaw,'-b', 'linewidth',2); 
xlabel('time(s)'); 
ylabel('Heading(deg)'); 
legend('sim','data'); 
%---------------Gear---------------- 
subplot(2,1,2) 
hold on; 
grid on; 
box on; 
plot(sim_time.data,gear_actual.data,'-m','linewidth',2); 
plot(time_data, gear_data,'-b', 'linewidth',2); 
xlabel('time(s)'); 
ylabel('Gear)'); 
legend('sim','data'); 
 
